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Research in periodontology is a blooming field: half the articles about peri-
odontitis referenced in Pubmed were published after 2009 (search: 
“periodont*[title/abstract]”). This intensification of research came together 
with its diversification and with the specialization of its growing branches. As 
periodontitis is an inflammatory and infectious disease, fundamental research 
pays a special attention to microbiology and physiopathology, as reflected in 
this book. Furthermore, the crosstalk between periodontitis and other dis-
eases through their inflammatory and infectious components is being inten-
sively studied, highlighting the interest for integrative approaches for the 
prevention and the treatment of all these conditions.

In evidence-based medicine, recommendations integrate results from 
research and provide the practitioners safe and efficient tools for defined clin-
ical situations. However, when guidelines cannot be applied or fail, solutions 
must be found, and the health practitioner should choose the best option 
according to the state of the art. Clinicians must thus be literate in immunol-
ogy, microbiology, pathophysiology, and clinical research. As health practi-
tioners are not experts in all these fields, they should get intelligible data from 
fundamental researchers to understand the guidelines and to be able to pro-
pose alternatives when they do not fit their practice or when the treatment is 
not adapted to the patient. It is important that researchers also get feedback 
from clinicians so their observations, in particular about therapeutic failure, 
can be scientifically analyzed to lead to the evolution towards more adapted 
guidelines including alternative options.

The aim of this book is to provide insights into the recent advances in 
experimental research to make the bridge between current treatment guide-
lines and future directions, promoting both experimental and clinical research, 
as well as public engagement with science. Thus, we have invited specialists 
in experimental research on periodontitis to review the recent literature in 
their field of expertise and to provide chapters presenting solid scientific evi-
dence to reach the widest audience through dedicated sections: “Highlights” 
for researchers, “Considerations for Practice” for clinicians, and “Patient 
Summary” for patients and non-specialists.

Chapters were peer-reviewed in a double-blinded process: manuscripts 
were anonymized before submission to reviewers, and the identities of the 
authors and reviewers were kept secret until final acceptance, when reviewers 
could choose to be cited in the chapters.

Preface



vi

We thank the authors and the reviewers for their work, which provides a 
strong frame to develop new research and to make decisions for periodontitis 
therapeutic and prophylactic management.

Toulouse, France Julien Santi-Rocca  
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Research About Periodontitis: 
Lessons from the Past, Ideas 
for the Future

Julien Santi-Rocca 

Abstract

Periodontitis is an inflammation-driven dis-
ease triggered by microbes that affects the tis-
sues surrounding the teeth and eventually 
destroys the alveolar bone, leading to tooth 
loss. This is probably the most precise and 
consensual definition of periodontitis that can 
be given to date. How to deal with a disease 
whose aetiology, pathophysiology, and thera-
peutic strategies are still subject to debate? In 
the book “Periodontitis: Advances in 
Experimental Research”, 20 chapters aim at 
clarifying chosen questions left unresolved 
from the twentieth century, with methodolo-
gies from the twenty-first century. Here we 
expose the concerns authors, reviewers, and 
editors have raised during the writing of this 
book. The aim of this collaborative work is to 
present to a large audience the current state of 
experimental periodontal research, and to help 
decision makers think out of the box while 
defining future research.

Keywords

Periodontal diseases · Periodontitis · 
Gingivitis · Microbiota

1.1  Past Achievements 
in Periodontal Research

1.1.1  New Concepts to Understand 
Periodontitis Pathophysiology

1.1.1.1  Periodontitis: A Microbial 
Disease

From early times after the identification of pos-
sible periodontopathogens, researchers have tried 
to validate Koch’s postulates to prove the etio-
logical link of these microbes with periodontitis. 
From the late nineteenth century, bacteria and 
protozoa were suspected to take part in the patho-
physiology of periodontitis (reviewed in (Meyer 
1917)). While the first postulate – identification 
of the pathogen exclusively and in all the disease 
cases – was easy to test, the second one – obten-
tion of a pure culture of the microbial agent – was 
not completed. Historically, 6 organisms from the 
Cytota superdomain have been particularly con-
sidered bona fide candidates for the causation of 
periodontitis: 2 parasites and 4 bacteria.

1.1.1.2  Bacterial Candidates: Isolation 
and Axenization

The first formally identified possible periodonto-
pathogen is the protist Entamoeba gingivalis 
(Gros 1849), which is still not cultured axeni-
cally. The second is also a protist, Trichomonas 
tenax, first described in the eighteenth century 
(Müller 1773), then unified as a species in the 
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twentieth century (Dobell 1939), and whose cul-
ture has been axenized (Diamond 1962). The 
bacterium Spirochaete denticola (Flügge et  al. 
1886) was renamed Treponema denticola by 
Brumpt in 1925 and was later isolated in pure 
cultures (Cheng and Chan 1983). A complex of 
bacteria was cultured and identified as the species 
Bacterium melaninogenicum (Oliver and Wherry 
1921), whose subspecies Bacterium melanino-
genicum asaccharolyticus was redefined as 
Bacteroides asaccharolyticus (Holdeman and 
Moore 1970); from this polyphyletic taxon was 
extracted the culture-amenable Bacteroides gin-
givalis (Coykendall et  al. 1980), later renamed 
Porphyromonas gingivalis (Shah and Collins 
1988). The identification of Bacteroides for-
sythus, then named Tannerella forsythia, was 
concomitant with its isolation (Tanner et  al. 
1985). And last, Aggregatibacter actinomycetem-
comitans, which was already characterized in 
other pathologies (Holm 1954), was identified 
under its former name Actinobacillus actinomy-
cetem comitans in pure cultures (Baehni et  al. 
1979) (see Chap. 3 by Hbibi and collaborators). 
More periodontopathogen candidates are often 
identified, while other microbial actors whose 
role might be milder or more complex in the peri-
odontal environment remain unsuspected due to 
the experimental setups that are used.

1.1.1.3  Periodontitis: A Biofilm-Based 
Disease

Indeed, the periodontal environments are never 
monophyletic, and models using microbial com-
munity and biofilms are closer to reality. 
Researchers try to recreate in vitro, or to study ex 
vivo, the interactions within the biofilms (see 
Chap. 8 by Meneguzzo Prado and colleagues). 
Biofilms are a kind of symbiotic multispecies 
community, whose thickness (Suarez et al. 2019) 
and three-dimensional organization (Ramsing 
et al. 1993) impact their interaction with the envi-
ronment, and thus the stream of nutrients and 
information, as well as the penetrance of mole-
cules from the exterior, like antibiotics or oxy-
gen. This seems to be the case for the “hedgehog” 
structures, which may result from the positioning 
of an outer shell of aerophilic or aerotolerant bac-

teria, and centripetal dwelling of anaerobic bacte-
ria (Mark Welch et  al. 2016). By their de facto 
collaborative metabolism, these low-motility, 
spatially organized trophic networks generate by- 
products, that may follow polarized streams 
according to the abundance of bacterial species. 
The impact of the human host is also to be better 
considered, and analyses of metabolomics, a 
flourishing field (Baima et al. 2021a; Baima et al. 
2021b), will allow to integrate and interpret 
metatranscriptomics data (Nguyen et al. 2020).

1.1.1.4  Periodontitis: A Microbiota 
Disease

The organization in biofilms has a strong impact 
on host response: inflammation is exacerbated, 
even by species that were linked to health in 
genetics-based screening (Redanz et  al. 2021). 
This calls once again for caution about the over-
interpretation and about the extrapolation of data 
obtained from descriptive explorations. This 
result also questions the relevance of progressing 
to animal research for the study of periodontitis 
pathophysiology while our understanding of the 
aetiology is still partial, and that the inoculation 
with planktonic microorganisms will not mimic 
the naturally occurring infection. By refining the 
scientific questions and using appropriate animal 
models (Oz and Puleo 2011), some conclusions 
can be drawn within the frame of the experimen-
tal conditions. These explorations, with their 
obvious conceptual limitations, have helped 
understanding the potential of some bacteria, like 
was the case for A. actinomycetemcomitans(Irving 
et  al. 1975). However, 2  years after the latter 
study, one of its authors commented (Socransky 
1977):

It is difficult to interpret the animal pathogenicity 
testing data. One feels that destruction induced by 
an organism reveals the potential of the organism 
to lead to loss of supporting structures. However, 
the gnotobiotic animal is a somewhat artificial sit-
uation, in that the animal is exposed to a pure cul-
ture of a human isolate without the possible 
ameliorating effects of other microorganisms.

Indeed, the saturation of a system in which the 
importance of the holobiont is neglected can be 
compared to the colonization of the intestine or 
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the mouth by Candida albicans after an antibio-
therapy: while the yeast is ubiquitous, the libera-
tion of a niche promotes its growth and induces 
phenotypical changes. Considering these experi-
mental situations as models for pathophysiology 
study will be circumvented thanks to a deeper 
knowledge of the disease.

1.1.1.5  Periodontitis: An Inflammatory 
Disease

Inflammation has often been overlooked as a 
mere consequence of microbial, in particular bac-
terial, colonization of the periodontal sulcus. 
However, in a recent model, inflammation was 
proposed to fuel the remodeling of the periodon-
tal microbiota, allowing the overgrowth of patho-
gens and the reaching of a dysbiotic state (Van 
Dyke et  al. 2020). These bacterial profiles are 
linked with lipid mediators, underlining the inter-
est of complementary approaches targeting both 
inflammation and microbiota to treat periodonti-
tis (Lee et al. 2021).

1.1.2  New Technologies to Reach 
New Fields of Research

1.1.2.1  New Technical Possibilities 
Generate New Scientific 
Questions

Periodontology research, as all the biomedical 
fields, has been impacted by the emergence of 
systems biology, rendered possible by the expo-
nentially improving in silico solutions and by the 
development of next-generation biotechnologies. 
In particular, de novo bulk identifications and 
unsupervised modelling have changed and mag-
nified inductive research: a high number of 
parameters can be screened at the same time, 
which are later analyzed by deep learning. When 
carefully prepared and reinterpreted in the con-
text of the state of the art, the data generated by 
these tools can answer complex scientific ques-
tions and be a source of information that opens 
unexpected fields (Finak and Gottardo 2016). In 
periodontology research, the advances using 
metagenomics and metataxonomics are far 
beyond the hypotheses that could be formulated 

before the results were obtained (see Chap. 2 by 
Bing and collaborators).

1.1.2.2  New Methods Generate New 
Readouts

Historically, microbiology in periodontitis relied 
on the study of the presence or absence of micro-
bial entities in periodontal pockets. For instance, 
the association of species in the founding article 
of Socransky and colleagues was assessed by the 
positive or negative detection by DNA-DNA 
hybridization of the presence of bacterial species 
(Socransky et al. 1998). More recently, diagnosis 
by end-point PCR also yielded binary results and 
the prevalence of periodontopathogen candidates 
in health and disease has been frequently used to 
evaluate their pathogenicity. The quantitative 
PCR methods introduced continuous data about 
target abundance, which questioned the sensitiv-
ity of previous analyses and the relevance of a 
species’ prevalence without determining its 
abundance.

However, determining thresholds to convert a 
continuous variable to a binary categorical vari-
able (positive/negative) has been a real struggle 
to allow the comparison of metagenomics/metata
xonomics data with former methods. Indeed, the 
relevance of the detection of a single or few cop-
ies of targets in a large pool of sequences is dubi-
ous. Machine learning and statistical models 
have been useful to identify confounders in RNA 
sequencing data (Schlieben et al. 2021).

1.1.2.3  New Analyses Generate New 
Concepts

Developing new methods does not aim at inter-
preting them with old readouts. In the field of 
periodontology, the transition from individual 
binary readouts to association studies, and finally 
to concomitant relative quantification of species 
by next-generation sequencing has changed the 
way the microbiota was considered. The fine 
quantification of the abundance of a whole set of 
micro-organisms, or of gene expression, has 
opened new ways for genuine “omics” 
approaches and speeded up the obtention of 
results with multivariate outcomes (Yost et  al. 
2015; Meuric et al. 2017; Yost et al. 2017). The 
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available data allowed to switch from a simple 
question with a binary answer to the modelling 
of interaction networks that can be compared to 
results obtained in ecological studies, which 
already provide tools like the diversity Shannon 
index (Shannon 1948).

1.1.3  New Tools for Therapeutic 
Management

1.1.3.1  Biofilm Control
The ecology of the biofilm is a main target for 
therapeutic management of periodontitis. In the 
case of treating biofilms with chemical antimi-
crobial agents, the choice of their spectra and 
delivery sites (periodontal, oral, systemic) is of 
central importance (see Chap. 16 by Vinel and 
collaborators). Furthermore, penetration of 
chemical antimicrobials within biofilms is 
reduced and may face a collaborative community 
with detoxifying functions, as is the case for oxy-
gen, as previously discussed. Biofilms can be 
fought by mechanical disruption, which is effi-
cient and leads to partial restauration of 
 health- related bacterial communities (Johnston 
et al. 2021). Mechanical strategies can be aided 
by the local release of molecules, in particular 
antibiotics like doxycycline (Nastri et  al. 2019; 
Ranch et al. 2021). Innovative materials allow the 
control of delivery length and dose (Zupancic 
et  al. 2018). Finally, biofilm control can be 
assisted by photonic adjunctive therapies (see 
Chap. 18 by Giannelli and Bani).

In order to guide recolonization of the peri-
odontal sulcus by health-related species, supple-
mentation by probiotics has been proposed (see 
Chap. 19 by Furlaneto and collaborators). 
Furthermore, probiotics could be used for pre-
vention and treatment since they can disrupt the 
balance in dysbiotic biofilms (Myneni et al. 2020; 
Zupancic et al. 2018). Beside probiotic strategies 
involving one or few species, microbiota trans-
plants are being studied and have produced satis-
fying results in the dog model (Beikler et  al. 
2021).

It is important to remember that the commu-
nity does not agree on the aetiology and the 

pathophysiology of periodontitis. This hinders 
the consensual choice of microbial targets for 
treatment. Moreover, the tools to specifically 
treat one microbial species are scarce, if not inex-
istent. Phage therapies can solve this specificity 
issue. Lytic bacteriophages are already used for 
some therapies; their suitability for periodontitis 
is still questioned due to the lack of bona fide 
bacterial targets (Szafranski et  al. 2017). 
However, the rapid personalization of phage 
library for a broad-spectrum precision medicine 
approach is a real hope for cases refractory to 
conventional treatments. Lysogenic phages can 
also be of interest to hijack the protein-producing 
machinery of some bacteria and make them 
secrete antimicrobial compounds or peptides 
with vaccine purposes (Fathima and Archer 
2021).

1.1.3.2  Modulation of Host Responses
Some vaccine strategies have already been tested 
in animal models, using the main periodonto-
pathogen candidates, in an individual way 
(reviewed in (Myneni et  al. 2020)). However, 
their efficiency is limited in controlling the poly-
microbial biofilm formation and thus their rele-
vance for periodontitis prevention or cure is 
questioned.

Beside the development of a protective host 
response, the control of a deleterious inflamma-
tion can be an efficient strategy. Instead of dimin-
ishing the magnitude of inflammation, which is 
reversible when the treatment is discontinued, 
new molecules aim at providing “end signals” to 
the inflammatory response, leading to its resolu-
tion (reviewed in (Van Dyke 2020)). Resolving 
inflammation provokes a modification of the 
periodontal microbiota in animal models (Lee 
et al. 2016). These underlines that the interplay 
between the host and the microbial biofilms is not 
only one-way and that considering only one side 
of the coin may not facilitate therapeutic 
strategies.

1.1.3.3  Tissue Engineering
As damage caused by periodontitis is defined as 
“irreversible”, regeneration was often considered 
a post-therapy option. Beside the scaffolding role 
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for filling materials in reconstruction, biomateri-
als can also serve for the regeneration of func-
tional tissues, as well as for treatment strategies 
(Mariani et al. 2019). For instance, implants can 
bear at their surface bioactive molecules and then 
modulate the interaction with the host, improving 
their biocompatibility (Guo et al. 2022). Bioactive 
molecules can also be incorporated into filling 
materials, helping to heal and to control the bio-
film (Emanuel et al. 2020; Qiu et al. 2021). Tissue 
engineering can also be based on cell therapy, 
like transfer of stem cells (see Chap. 20 by Dubuc 
and colleagues). Finally, the reorientation of host 
responses by the transfer of autologous re- 
programmed or selected cells is a promising 
field, as already successfully experimented in 
animal models (Miao et al. 2020).

1.2  Considerations 
for the Future

1.2.1  Variability: More Than Just 
a Statistical Matter

1.2.1.1  Genetic Diversity in Patients
The genetic diversity of humans is obviously a 
source of variability in clinical experiments. For 
instance, the systematic analyses and high con-
tent methods used for genomics allowed the iden-
tification of genetic profiles linked with the 
disease, showing the population is not homoge-
neous and some individuals respond in a different 
way to the disease (see Chap. 11 by Schaefer). 
Rare events can have a strong link with the dis-
ease: thinking in terms of central tendency and 
making categories may be part of an analytical 
approach but should not preclude the use of mul-
tivariate statistics, the resort to machine learning, 
and the critical review of possibly meaningful 
outliers.

Interestingly, the diversity at the genetic level 
has been associated to a diversity at the microbio-
logical and clinical level (Offenbacher et  al. 
2016).

1.2.1.2  Diversity in Clinical 
Manifestations 
and in Micro-niches

The American Academy of Periodontology and 
the European Federation of Periodontology rec-
ognizes three forms of periodontal diseases: nec-
rotizing periodontitis, periodontitis as a direct 
manifestation of systemic diseases, and peri-
odontitis sensu stricto (Tonetti et al. 1998). This 
diversity is also linked to a diversity in the meth-
ods used for the diagnosis. For instance, the use 
of different cytokines as oral biomarkers in the 
diagnosis of periodontitis can produce diverging 
results (see Chap. 15 by Blanco-Pintos and 
collaborators).

In periodontal microenvironments, bacteria 
are organized in three-dimensional structures, 
and several types of these structures exist (Mark 
Welch et al. 2016). According to the proportion 
of each individual structure that are sampled, the 
relative proportion of bacteria will greatly differ. 
The detected composition thus reflects the sum of 
different microenvironments rather than an aver-
age one by itself. Future analyses will consider 
samples are not homogeneous and will determine 
their components and their relative abundance.

1.2.1.3  Diversity in Research
The diversity in the concepts and methods used 
for the study of periodontitis can greatly affect 
the understanding of the disease. Though they are 
not always investigated in some studies, some 
non-bacterial components of the microbiota are 
linked to periodontitis: archaea (see Chap. 4 by 
de Cena and collaborators), parasites (see Chap. 
5 by Martin-Garcia and collaborators), fungi (see 
Chap. 6 by Karkowska-Kuleta and collabora-
tors), and viruses (see Chap. 7 by Jakovljevic and 
collaborators). This highlights that some fields of 
research can be neglected; the resulting vision of 
periodontitis pathophysiology cannot thus be 
holistic. In addition, variability in the aetiology 
of periodontitis sensu stricto is not reflected in 
the recommendations for clinical practice, prob-
ably because the present literature does not pro-
vide sufficient evidence to propose a differential 
therapeutic management (Sanz et al. 2020).
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1.2.1.4  Only One Periodontitis?
In most of the studies about periodontitis, there is 
one definition of the disease, which is exclusive 
and excluding, meaning that all cases that are not 
included are considered healthy. Gingivitis is 
often claimed to form a continuum between 
health and periodontitis (Abusleme et al. 2021). 
Gingivitis can also be seen as an independent 
condition with a more diverse microbiota which 
does not produce irreversible damage 
(Kharitonova et  al. 2021). This example high-
lights the fact that, according to the classification 
we apply, the clinical and microbial features may 
differ. Indeed, in some studies, Trichomonas 
tenax prevalence in periodontitis does not seem 
to differ from this in the healthy, while splitting 
of the periodontitis group according to severity 
allows to evidence differences: the parasite is 
more often detected in the most severe cases 
(Bisson et al. 2018). The two resulting subgroups 
characterized by their positivity for T. tenax are 
de facto more homogeneous for the parameters 
defining the severity of the disease and may be 
less variant for some parameters.

These considerations call for caution about 
the heritage from early research in periodontitis, 
in which only a few clinical pictures allowed an 
easy classification into a few categories relying 
on basic clinical features. At the beginning of the 
twentieth century, periodontitis was still called 
“pyorrhoea alveolaris” (or “Riggs’ disease”), 
which means “purulent discharge of the tooth 
socket” and reminds us that the frequency of this 
type of presentations of the disease may have 
been different back then, as may have been their 
aetiologies, as recently proposed (Shiba et  al. 
2021).

1.2.1.5  Perspectives for Clinical 
Management

It is obvious but should be reaffirmed: a complex 
of diseases affecting half the humankind will not 
be summed up by one simplistic model. The 
effort of AAP-EFP to provide a classification tool 
gives an outstanding base for the future (Tonetti 
et al. 2018). In addition, there is a need to define 
the core characteristics of all the different types 
of periodontal diseases. The differences in symp-

tomatology of periodontal diseases are perhaps 
subtle and arduous to diagnose, but they exist and 
should be considered. Finally, the model of con-
tinuous progression towards more severe forms 
of periodontal diseases is questioned, and “inac-
tive” pockets should not be considered as defi-
nitely cured, but rather possibly paused or less 
severe sites.

1.2.2  Emerging and Expanding 
Fields

1.2.2.1  Peri-Implantitis and Peri- 
Implant Mucositis

Peri-implantitis and peri-implant mucositis can 
be considered mirror pathologies for periodonti-
tis and gingivitis, respectively, and thus are a 
great opportunity for comparative studies. 
However, due to the presence of the implants, 
which are foreign bodies, some obvious pecu-
liarities of these models can be of interest for fun-
damental research. Indeed, implants interact 
during a long time with the patients and their 
composition can impact their surroundings and 
the pathophysiology of these diseases. For 
instance, the microbial community structure dif-
fers between periodontitis and peri-implantitis 
(Komatsu et al. 2020). Furthermore, the compo-
sition or coating of implants can modulate the 
secretion of cytokines (Soskolne et al. 2002) and 
the activation of the complement system (Pham 
et al. 2020). Interestingly, Langerhans cell abun-
dance in the implant vicinity is reduced, while 
their differentiation from bone marrow precur-
sors is impaired in vitro by Titanium ions 
(Heyman et  al. 2018). These myeloid dendritic 
cells have been seen as sempiternal resident sen-
tinels orchestrating the immune response 
(reviewed in (Magan-Fernandez et  al. 2020)), 
which calls for cautiousness about the definition 
of biocompatibility and about the central place of 
immunocompatibility in this concept.

1.2.2.2  The Immune System: More 
Than a Passive Sentinel

The mouth epithelium has long been considered 
impermeable when healthy (Squier and Hopps 
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1976). Later studies highlighted permeability to 
proteins at the periodontal sulcus, more pre-
cisely at the level of the junctional epithelium 
(Romanowski et al. 1988). Immune surveillance 
at the periodontal sulcus involves “para- 
inflammatory” features (Fine et  al. 2016), in 
particular in neutrophils, whose neutrophil 
extracellular traps (NET) can play a pivotal role 
in inflammation resolution of aggravation 
(reviewed in (Vitkov et al. 2020)). Their recruit-
ment and activation state has been recently 
hypothesized to be linked to stromal response to 
microbes (Williams et al. 2021), which sheds a 
new light on the immune role of “non-immune” 
cells.

Other cells of interest are the antigen- 
presenting cells, bridging innate and adaptive 
immunity. During periodontitis pathophysiology, 
Langerhans cells are less abundant while the 
number of plasmacytoid dendritic cells increase 
(Sharawi et  al. 2021), reminding the effect of 
Titanium ions (Heyman et al. 2018).

Monocyte/macrophage homeostasis and 
polarization are important and intertwined with 
lymphocyte profiles and responses (see Chap. 
10 by Cavalla and Hernández). Interestingly, the 
role of B cells is not limited to antibody produc-
tion: they exert regulatory functions on the 
immune system, impacting the outcome of the 
disease (see Chap. 9 by Demoersman and Pers).

While a pro-inflammatory response can lead 
to damage due to oxidative stress on mucosal 
cells, breaching the epithelium and promoting 
invasion by pathogens, it can also directly impact 
bone dynamics, displacing it towards an osteo-
clastic activity (AlQranei and Chellaiah 2020). 
In vitro experiments suggest that autophagy 
inhibition leads to osteoclastogenesis via an 
increased secretion of IL-6 (Mayr et  al. 2021). 
This underlines that immune responses leading 
to periodontal damage cannot be restrained to 
direct toxicity by immune effector cells.

1.2.2.3  Molecular Biology Beyond 
Genomics and Taxonomics

Identification of microbial species and of suscep-
tibility factors in the human host is fundamental 
for the definition of the periodontal ecology in 

health and disease. The exploration of the human 
genome and of its association with periodontitis 
is still going on (see Chap. 11 by Schaefer). In 
addition, epigenetics studies have identified tran-
scriptional regulations that can cause chronic 
damage. Indeed, long-term bone damage can 
involve epigenetic events (Ferreira et  al. 2021), 
which could last even after the initial trigger has 
been suppressed. These responses are evidenced 
by transcriptomics, which can reach unprece-
dented level of precision using single-cell RNA 
sequencing (Qian et  al. 2021). However, gene 
expression at the phenotypic level can also 
respond to post-transcriptional regulation, for 
instance by non-coding RNAs (Assis et al. 2021). 
Altogether, these mechanisms call for caution 
about the analysis by omics of the impact of 
microbial triggers on host response.

Taxonomics and metataxonomics are now rou-
tinely used along with metagenomics to determine 
the species composition in the dental plaque (see 
Chap. 2 by Bing and collaborators). Metagenomes 
represent the integrality of genomic information 
from a sample, while pangenomes group the total-
ity of genomic information at a given taxonomic 
level. Metapangenomics, integrating both focuses, 
permit to map genes responding to environmental 
pressure and selection within a taxon, but also to 
evidence genetic interaction networks (Utter et al. 
2020). In the oral sphere, this approach highlighted 
biogeographical restrictions for populations of 
some bacterial genera, suggesting that habitat 
adaptation can lead to the emergence of cryptic 
subpopulations and thus questioning the concept 
of species, as discussed by the authors (Utter et al. 
2020).

1.2.2.4  New Models
Beside the three core members of the red com-
plex (P. gingivalis, T. denticola, T. forsythia), 
other organisms gain importance, as well as their 
synergetic contributions for each other, as previ-
ously discussed. Current evolutions of periodon-
titis research have implied biofilms and focused 
on the interactions within them, as well as with 
host cells during the early steps of disease devel-
opment (Redanz et al. 2021). The organization of 
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these biofilms is probably shaped by oxygen pres-
sure (Mark Welch et al. 2016). Other factors are 
obviously involved and thus some species or the 
clusters they form are site-specialists (Mark Welch 
et al. 2019). As the plaque mature along time, as 
the environment change, their composition and 
their genetic expression should be modulated. This 
produces new niches for possible superinfections 
by opportunistic colonizers or by contextual 
pathobionts that are already present but cannot 
express their pathogenic traits in an unpropitious 
environment. This does not exclude previous mod-
els for dysbiosis (Hajishengallis and Lamont 
2012), but rather calls for the consideration of low 
abundance microorganisms from all the kingdoms, 
superkingdoms, and even non- cellular organisms 
like viruses. Interestingly, it has been shown that 
periodontopathogens could interact with host tar-
gets at a distance, using extracellular vesicles (Ha 
et al. 2020; Nara et al. 2021).

In parallel to the refinement of microbial mod-
els, new host-mimicking models have been 
developed. First, cultures leading to differenti-
ated structures, the organoids, are efficiently pro-
duced in vitro (Basu et al. 2019; Wang et al. 2021; 
Banavar et  al. 2021; Chu et  al. 2021). Second, 
ex vivo models have been used for a long time, 
like cultured immune cells from patients or biop-
sies/explants. However, recent advances have 
been made in in vitro tissue engineering includ-
ing cell lines or ex vivo cell cultures (Dommisch 
et  al.  2021), allowing the integration of macro-
phages and making this model immunorespon-
sive (Ollington et  al. 2021). And last, recently 
developed animal models open new perspectives 
for the study of periodontitis, like humanized 
mouse models (Rojas et al. 2021).

1.2.3  Considering the Patient 
Beyond Their Mouth

1.2.3.1  Considering the Patient 
as a Whole

Genetic predisposition of individuals and expo-
sure to environmental threats, like infection with 

microbes, are only a part of the risk factors that 
may impact the outcome of the disease. Risk fac-
tors – elements correlated to the disease – are not 
compulsory causative elements. Several non-oral 
diseases are risk factors for periodontitis (for dia-
betes, see Chap. 12 by Salhi and Reners; for 
Alzheimer disease, see Chap. 13 by Harding and 
collaborators, for cardiovascular diseases, see 
Chap. 14 by Hansen and Holmstrup). In the case 
of diabetes, the influence is bidirectional, and the 
underlying mechanisms are not fully understood. 
For Alzheimer disease, evidence is piling up 
about the direct role of P. gingivalis in brain dam-
age. The link between rheumatoid arthritis and 
periodontitis is hypothesized to be direct through 
the triggering of autoimmunity by bacterium- 
induced citrullination, and not circumscribed to 
the oral site of infection due to circulation of 
autoantibodies (reviewed in (Rooney et al. 2020) 
and (Gonzalez-Febles and Sanz 2021). Finally, 
inflammatory bowel disease and periodontitis 
seem to be linked by inflammation (de Mello- 
Neto et  al. 2021). Altogether, these hypotheses 
and conclusions remind that periodontal health 
should be part of prevention strategies for several 
conditions.

Though aging has been considered for a long 
time a risk factor for periodontitis, the impact of 
periodontitis on biological aging is a recent con-
cept (Baima et al. 2021c). Besides, some forms 
of periodontitis in children and adolescents have 
been hypothesized to have different causes as 
compared to the generally described adult peri-
odontitis (Kinane et al. 2001). Periodontal health 
during pregnancy is also an issue (Jakovljevic 
et al. 2021), and the oral microbial communities 
change, as in supragingival plaque in women 
(Lin et  al. 2018) and in subgingival plaques in 
animals (Walkenhorst et al. 2020).

It is important to consider, during treatment, 
that underlying parameters may modify the 
pathophysiology of the disease, or its impact on 
the patients’ health, and thus the relevance of 
therapeutic and prophylactic strategies. These 
underlying parameters are of central interest to 
understand the possible link between periodonti-
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tis and cancers beyond the oral sphere (Radaic 
et al. 2000).

1.2.3.2  Considering the Patient’s 
Environment

The mouth is an open system, impacted by almost 
constant inward and outward flows towards the 
exterior environment and the respiratory tract. It is 
also serves for the ingestion of solids and liquids. 
Microorganisms can enter the mouth while 
breathing and eating, but also when microbe- 
bearing surfaces enter in contact with the mouth, 
like when touching it or during intimate contacts. 
Surprisingly, the composition of the periodontal 
microbiota is quite stable (reviewed in (Joseph 
and Curtis 2021)) and may be due to the resilience 
of the polymicrobial communities (reviewed in 
(Wade 2000)). This questions the events leading 
to disruption of the healthy equilibrium leading to 
the transition to a new balanced state, the “dysbi-
otic” periodontal environment.

In experimental animal models, horizontal 
and vertical microbiota transmission triggers the 
development of periodontitis, suggesting “that an 
oral dysbiotic microbial community structure is 
stable to transfer and can act in a similar manner 
to a conventional transmissible infectious disease 
agent with concomitant effects on pathology”, as 
commented elsewhere (Payne et  al. 2019). The 
intra-group transmission of microbiota in human 
settings has been difficult to assess due to the 
complexity of human interactions, and due to the 
intertwined influence of shared genetical and 
environmental factors. However, recent data sug-
gest that the weight of the environment should 
not be underestimated when considering the 
genetics, not excluding its participation in shap-
ing a highly individualized microbiota 
(Mukherjee et  al. 2021). These considerations 
raise the issue of the status of periodontitis, clas-
sified by the World Health Organization as a 
“non-communicable disease”.

In addition to inter-human interactions, ani-
mals, in particular pets, can be a source of peri-
odontal microbiota. For instance, cats naturally 

develop periodontitis and bear bacteria that could 
take part in periodontitis pathogenesis in humans 
(Harris et al. 2015). Transmission of these possi-
ble periodontopathogens has been suspected 
from dog to owners (Oh et al. 2015). The role of 
this pet-inherited microbiota in dysbiosis and its 
persistence in the human host are still to be 
investigated.

1.2.3.3  Considering the Patient’s Mind
The mechanisms leading to bacterial contami-
nation from the environment and from other 
individuals are studied, unlike the transmission 
of components of the oral microbiota belong-
ing to other kingdoms of life. However, pre-
vention guidelines are to be set, including 
individual interventions by health profession-
als and public health strategies (Cota et  al. 
2021). This comprises promoting health liter-
acy in patients, which is correlated with pro-
tection or lower grades of periodontitis 
(Wehmeyer et al. 2014; Holtzman et al. 2017; 
Batista et al. 2017; Baskaradoss 2018; Timkova 
et  al. 2020). Oral hygiene instructions by the 
health professionals are beneficial for the 
course of the therapy (see Chap. 17 by Salhi 
and collaborators).

Periodontitis has an impact on the psychology 
of the patient. First, stress predisposes and exac-
erbates periodontitis (Spector et  al. 2020). 
Second, periodontitis negatively impacts the 
quality of life, also in its psychological compo-
nent (Al-Harthi et  al. 2013). Then, depression 
and periodontitis interact both ways, aggravating 
one another (Dumitrescu 2016).

To manage the psychological aspects of peri-
odontitis management, efforts must be made in 
fundamental and clinical research. Reliable sci-
entific results are needed to guide the practitio-
ners beyond their own experience. Indeed, while 
the technical practice should be based on evi-
dence, the lack of guidelines for patient motiva-
tion, education, and psychological support is 
noteworthy.
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Future health intervention policies should aim 
at empowering the patients, so they can be an 
active part of their preventive and curative strate-
gies against periodontitis.

1.3  Concluding Remarks

Experimental research in periodontitis is expend-
ing and diversifying, with increasing connections 
with other basic research topics. In this book, the 
variety of treated subjects reflects that current 
experimental research in periodontitis explores 
diverse fields covering clinical and fundamental 
research. This enriching complexity was also 
reflected when inviting authors and reviewers: a 
particular attention was paid to balance the clini-
cal and fundamental focus of the people who 
worked on each chapter, allowing a fair and con-
structive reviewing process.

Furthermore, these chapters were double- 
blinded peer-reviewed to avoid conflicts of inter-
est: the authors and the reviewers did not know 
their respective identities during the reviewing 
process (Copsey et  al. 2021; Smith 2021). The 
reviewers then had the choice to reveal or not 
their identity.

Finally, authors were asked to provide special-
ized sections targeting specific readerships: 
 scientificallyoriented “highlights”, “consider-
ations for practice”, and a “patient summary”. 
The “highlights” section permits to sum up the 
main messages coming from experimental 
research contained in the chapter. In the “consid-
erations for practice” section, the authors present 
the actual or hypothetic impact of the results pre-
sented in the chapter for the clinical management 
of periodontitis. The objective of this section is 
not to provide guidelines to drive evidence-based 
medicine, but rather to provide practitioners with 
scientific take-home messages, to assist decision 
makers in considering original perspectives, and 
to seed new ideas and hypotheses for research. 
Finally, the “patient summary”, should help the 
patients understand the content of the chapter. It 
should also give the clinicians an idea about how 
a specialist would speak to a broad audience 
about this subject, which can be valuable to 

improve patient literacy for a better therapeutic 
management of periodontitis, and more generally 
to stimulate “public engagement with science” in 
this field (Stilgoe et al. 2014; Verran et al. 2020).
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Abstract

The complexity of the oral microbiome con-
tinues to astound researchers even with the 
advancement of multi-disciplinary strategies 
being used to study these microorganisms in 
relation to the human body. There is extensive 
literature available that explains how oral bac-
terial communities exist within the biofilm 
and maintains a balance with the host immune 
system, but when this balance is tipped dis-
ease can occur. The purpose of this review is 
to highlight the subgingival microbial compo-
sitions during health and periodontal disease 
using next generation sequencing techniques, 
as well as determining the types of functional 
activities that partake during these states. The 
subgingival microbiota is a fluid structure that 
can adapt accordingly to the environment and 
the identification of signature biomarkers may 
aid in the assessment of risk and disease sever-
ity in an individual to complement clinical 
diagnosis in the future.
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Highlights
• The importance in experimental design 

can influence the interpretation of sub-
gingival microbiota composition.

• NGS analyses of microbiota reveal spe-
cific bacteria are associated with health 
or disease.

• The use of NGS helps in the identifica-
tion of novel bacteria and biological 
systems important in disease 
development.
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2.1  Introduction

Chronic periodontitis is a destructive inflamma-
tory condition with intermittent periods of remis-
sion and relapse. It is associated with the 
activation of the host inflammatory response to 
bacterial challenge at the periodontal pocket, 
resulting in a progressive loss of the alveolar 
bone supporting the teeth (Hancock and Newell 
2001; Holt and Ebersole 2005) (Fig.  2.1). The 
severity of periodontitis may be affected by envi-
ronmental, physical and genetic risk factors, pre-

disposing an individual to disease susceptibility 
(Albandar 2002; Eke et al. 2012). A new classifi-
cation of periodontitis has been adopted where 
forms of the disease previously categorized as 
“chronic” or “aggressive” (Armitage 1999) are 
now classified collectively as “periodontitis”, 
with a further characterization based on a staging 
and grading system (Papapanou et al. 2018). This 
system first determines the severity of disease 
upon presentation (e.g.: clinical attachment loss, 
tooth loss and probing depth) and the disease 
management, followed by supplementary infor-
mation which takes into consideration aspects 
such as the biological features of the disease, 
patient history, and multiple risk factors. The 
gold standard for evaluating periodontal disease 
is through probing of the periodontal pocket. The 
presence of bleeding on probing (BOP) has been 
shown to correlate with an increased inflamma-
tory infiltrate in the adjacent gingival tissues 
(Greenstein et  al. 1981) and deemed at risk for 
disease progression (Tanner et  al. 2007). 
However, pocket depth measurements or current 
microbiological tests are unable to differentiate 
gingival sulci that are in recovery or are at risk of 
periodontitis. It is therefore imperative to develop 
a more specific microbiological measure to facil-
itate in periodontal diagnosis and treatment when 
required.

The pathogenesis of periodontitis has been 
revisited multiple times since the nineteenth cen-
tury (Fig.  2.2). Decades of research have been 
carried out to determine the interplay of oral bac-
teria and inflammation during periodontitis 
development. Early studies using experimental 
animals have shown that specific bacteria are the 
cause of disease development (Fitzgerald et  al. 
1960), and thereafter demonstrated in humans 
(Löe et al. 1965). As the presence of dental bio-
film is directly associated with disease develop-
ment and plaque removal re-establishes health, 
the “Non-specific Plaque Hypothesis” was intro-
duced by Miller W. D. in 1890 (Theilade 1986). 
However, many instances have described that 
particular species existing within the microbial 
biofilm are the leading cause, which results in a 
“Specific Plaque Hypothesis” where an alteration 
in the microbiota shifts from healthy state to dis-

Considerations for Practice

• Next generation sequencing techniques 
are rapid and can be used complemen-
tary in clinical measures to identify indi-
viduals with a higher disease risk.

• Identification of key bacteria species 
allows profiling samples as healthy or 
diseased.

• The use of adjunct antibiotics in stan-
dard periodontal interventions may not 
necessarily be beneficial in reducing 
disease- associated bacteria.

Patient Summary
Periodontal disease is a common oral infec-
tion that affects 20–50% of the global pop-
ulation, caused by an imbalance between 
the local microorganisms and the immune 
system. Genetics, habitual and environ-
mental factors can influence the suscepti-
bility of an individual to infection, but 
some others may not develop disease. Next 
generation sequencing technologies have 
enabled clinicians and scientists to under-
stand the mechanisms behind oral disease 
development and the interplay of bacterial 
and immune responses. By identifying key 
biological factors, the future of these tech-
nologies may help in assessing the risk of 
disease and facilitate treatment plans.

S. B. Fong et al.
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ease progression (Loesche 1976). The downside 
of this hypothesis was the difficulty in removing 
these specific pathogens as many of these bacte-
ria either exist as commensals and are opportu-
nistic pathogens (pathobionts), or are 
uncultivatable. Theilade (1986) then proposed an 
updated version of the non-specific hypothesis, 
stating that, while the collective biofilm plays a 
role in disease, one should take into consider-
ation of specific bacterial species that can be 
more virulent than others and thus creating a 
pathogenic ecology (Theilade 1986).

Based on these early hypotheses, Marsh 
(1994) proposed the “Ecological Plaque 
Hypothesis” where an imbalance of the micro-
flora under ecological stress results in an enrich-
ment of certain pathogenic microorganisms, 
leading to disease progression (Marsh 1994). By 
this stage, it is clear that bacteria are a prerequi-
site for etio-pathogenesis, and the presence of 
specific species certainly encourages the progres-
sion. However, there have been some patients or 
periodontal sites reported to experience gingivitis 
without proceeding into periodontitis, while oth-
ers suffer from chronic inflammatory periodontal 
disease. Indeed, periodontitis is a multi-factorial 

disease and its establishment is dependent on 
bacterial growth and metabolism, its environ-
ment (e.g. nutrients, pH, redox potential, etc.) 
and the host response (Marsh 2003). In the last 
decade, as a deeper understanding in individual 
oral bacteria is formulated, the “Keystone- 
Pathogen Hypothesis” was introduced to help 
explain the role of distinct periodontal pathogens. 
While seemingly in small proportions within the 
biofilm periodontal pocket under normal circum-
stances, they are able to dysregulate the host 
immune response and facilitate disease progres-
sion (Hajishengallis 2014; Hajishengallis et  al. 
2012). This occurs when such low abundance 
pathogenic bacteria proliferate to higher numbers 
that are sufficient to trigger inflammation (Byrne 
et al. 2009), thereby tipping the symbiotic envi-
ronment to dysbiosis (Hajishengallis and Lambris 
2011). A recent review brought together evidence 
to demonstrate the relationship between microbi-
ology and inflammation, and concluded that it is 
the inflammatory continuum in bid to contain the 
polymicrobial infection which fuels the disease 
process, while the microbiological aspect plays a 
role only in the later stages when inflammation is 
dysregulated, forming a favourable environment 

Fig. 2.1 Development of gingivitis and the progression 
to periodontitis. During healthy conditions, the host 
immune system and commensal bacteria maintain a sym-
biotic state. Mild inflammation can occur in the gingival 
tissue, resulting to gingivitis which can be reversible. If 
gingivitis persists, the inflammation can advance into a 

moderate state (mild-moderate periodontitis), initiating 
tissue and bone destruction. Chronic inflammation occurs 
when subgingival bacteria in the periodontal pocket con-
tribute to extensive bone resorption and tissue loss, result-
ing in periodontitis

2 Microbiota in Periodontitis: Advances in the Omic Era
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for periodontal pathogens to thrive (Van Dyke 
et al. 2020).

It is well-established that the microbiota asso-
ciated with periodontitis differs from that in 
healthy conditions (Socransky and Haffajee 
2005). The “complex theory” was developed by 
Dr. Sigmund Socransky et al. (1998) which clas-
sified periodontal bacteria into coloured groups 
based on their association with disease severity 
(Socransky et al. 1998) (Fig. 2.3). Early coloniz-
ers such as Capnocytophaga, Streptococcus spp. 
and Veillonella are categorized under green, yel-
low and purple complexes, respectively. These 

bacteria form the base of colonization on the sul-
cus for further bacterial association within the 
biofilm. Following, bacteria of the orange com-
plex (e.g. Fusobacterium nucleatum and 
Prevotella spp.) are known as “bridging species”, 
as they form a link between the early colonizers 
and the later colonizers (i.e.: the red complex). 
Members of the red complex, namely, 
Porphyromonas gingivalis, Treponema denticola 
and Tannerella forsythia, have been found highly 
associated with periodontitis (Socransky et  al. 
1998). However, there is inadequate information 
on the total diversity of the subgingival microbi-

Fig. 2.2 The evolution of hypotheses in periodontal 
disease and proposed models. The timeline shows how 
various hypotheses and models were developed based on 
observations made upon the relationship of bacteria 

within the oral biofilm, the environment and the host 
immune response. (Fitzgerald et al. 1960; Hajishengallis 
et al. 2012; Löe et al. 1965; Loesche 1976; Marsh 1994; 
Theilade 1986; Van Dyke et al. 2020)

S. B. Fong et al.
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ota using culture-based studies, partly due to 
variable growth requirements and thus many taxa 
was unsupported in culture. Although molecular 
approaches such as DNA hybridisation and PCR- 
based assays enabled the study of individual spe-
cies (Colombo et  al. 2009; Olson et  al. 2011; 
Socransky et al. 2004), understanding how bacte-

ria function in a community is still lacking. 
Owing to the revolution of high-throughput 
sequencing technologies, >700 oral bacterial spe-
cies have now been identified (Dewhirst et  al. 
2010), including many uncultivable species with 
unknown roles in its environment. Since the end 
of the last century, there has been an expansion in 

Fig. 2.3 The development of an oral biofilm. Planktonic 
bacteria attach to an acquired pellicle of various glycolip-
ids and glycoproteins on the tooth surface. Early coloniz-
ing bacteria including Streptococcus oralis and 
Streptococcus sanguinis express adhesins and receptors to 
allow bacterial co-aggregation and the subsequent arrival 
of intermediate colonizers such as Prevotella denticola 
and Actinomyces israelii, to the expanding bacteria micro- 

colonies. During this stage, Fusobacterium nucleatum 
adheres within the biofilm to provide a bridge for the 
attachment of late colonizers including Tannerella for-
sythia, Treponema denticola, Porphyromonas gingivalis. 
Bacterial multiplication occurs within the biofilm until it 
matures and bacterial detachment causes the bacteria and 
its contents to be released for tissue invasion or 
re-colonization

2 Microbiota in Periodontitis: Advances in the Omic Era
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digital and computer technology that leads to an 
advancement in the knowledge of molecular 
mechanisms in diseases through various sub- 
disciplines of the “-omics” research (Manzoni 
et al. 2016). These approaches have provided sig-
nificant value in the identification of microorgan-
isms, especially uncultivable species, and to 
elucidate their metabolic and pathogenic capa-
bilities. To name a few of these technologies, 
there are genomics, proteomics, transcriptomics, 
metabolomics and interactomics.

Within the oral health domain, the use of bio-
informatics has been gaining popularity in dental 
medicine for the purpose of assessing risk, facili-
tating in diagnoses, and developing therapeutics 
or treatments. The “-omics” approaches have 
been applied in the areas of oral cancer identifica-
tion (Chu et al. 2019; Shah et al. 2011; Vincent- 
Chong et al. 2017), using saliva-based diagnostic 
systems which are rapid and non-invasive as 
compared to blood tests. Similarly with peri-
odontal infections, DNA microarray has been 
used to monitor and compare the gene expression 
between healthy and diseased conditions (Beikler 
et al. 2008; Steinberg et al. 2006; Vardar-Sengul 
et  al. 2009). These studies identified various 
inflammatory genes, such as interleukin-1β, that 
are associated with periodontitis. The use of PCR 
primers for 16S rRNA demonstrated the associa-
tion of P. gingivalis, T. denticola and T. forsythia 
with periodontitis, as well other periodontitis- 
associated bacteria such as Filifactor alocis (Lee 
et al. 2020; Nayak et al. 2018). This advancement 
of culture-independent 16S rRNA gene amplifi-
cation and high-throughput DNA sequencing 
(e.g. 454 pyrosequencing), also termed as “next 
generation sequencing” (NGS), facilitated the 
collection of thousands of sequences per sample 
(Keijser et al. 2008; Zaura et al. 2009). In turn, 
researchers are able to comprehensively analyse 
bacterial composition (even at the species level) 
and behaviour within its community and the 
environment (Abusleme et  al. 2013; Dewhirst 
et  al. 2010; Griffen et  al. 2012; Kumar et  al. 
2005).

The pathogenesis of periodontal diseases is a 
two-way street that involves the role of microor-
ganisms and the response of the host. It was pro-

posed to study the microbiota and host changes 
simultaneously in order to identify at which point 
does disease commences, which is essentially a 
“chicken or egg” dilemma, a nexus proving to be 
difficult at this point. To keep this review concise, 
we have decided to limit discussions of the sub-
gingival microbiota at the genomic and selected 
transcriptomic findings related to bacteria and the 
host response. To direct the reader, if interested, 
some research examining the host variations such 
as diseases associated with periodontitis [chronic 
obstructive pulmonary disease – (Wu et al. 2017), 
liver cirrhosis – (Jensen et al. 2018), Rheumatoid 
arthritis  – (Corrêa et  al. 2019), type 2 diabetes 
mellitus – (Shi et al. 2020) and Haemochromatosis 
(Boyer et al. 2018)] and gene expression profiles 
and pathways that contribute to inflammation and 
bone resorption in periodontitis (Demmer et  al. 
2008; Jönsson et al. 2011; Kebschull et al. 2014; 
Kim et  al. 2016; Offenbacher et  al. 2009; 
Papapanou et al. 2009).

2.1.1  Exploring Microbial Dysbiosis 
in Periodontal Infections 
Using Metagenomics 
and Metataxonomics

The Human Microbiome Project was established 
to allow research using the 16S rRNA gene or 
whole-genome shotgun metagenomics to access 
various data, tools and resources in order to 
understand the variations of the human microbi-
ome during health and disease (Peterson et  al. 
2009). A drawback in comparing different stud-
ies is the use of different methodologies (i.e.: 
clinical examination and diagnosis of the health 
status, sample collection protocols, DNA extrac-
tion protocols, and analysis of the hypervariable 
regions of the 16S rRNA gene). Typical ecologi-
cal studies include measurements of bio-diversity 
(i.e.: species richness, evenness, alpha- and beta- 
diversities), as in the oral cavity where different 
periodontal states are compared. The consensus 
is varied across published research; for example, 
while some studies reported higher richness and 
increased evenness associated with periodontitis 
(Abusleme et  al. 2013; Griffen et  al. 2012; 
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Papapanou et al. 2020), no significant difference 
in the diversity metrics was observed between 
periodontitis and healthy in some others (Kirst 
et al. 2015). Furthermore, with periodontal inter-
ventions, the richness and abundance of patho-
genic species may decrease, while simultaneously 
those of the health-associated species may also 
increase (Zhang et al. 2020). Thus, it can be dif-
ficult to measure how the alpha-diversity of a 
microbial community changes at times. 
Additional differences can be due to technical 
variations such as sampling choices (paper 
points, curettes), different 16S rRNA regions 
(V1–V3, V3–V4), sequencing chemistry and 
read lengths. In addition, the origins of samples 
(Europe, North America, South America, or 
Asia), host genetics and other environmental fac-
tors can play a part in these variations (Table 2.1). 
The choice of the 16S rRNA variable gene region 
may play a role in influencing the resultant eco-
logical metrics and that sequencing the full 16S 
rRNA gene would provide the best taxonomic 
resolution (Birtel et  al. 2015; Johnson et  al. 
2019), however constraints in resources may not 
allow it. Indeed, the selection of the regions used 
in analyses is dependent mostly upon published 
or in-house protocols rather than the nature of the 
sample. Furthermore, it has been reported that 
genomic shot-gun sequencing may generate 16S 
rRNAs more randomly and thus, resulting in dif-
ferences in the microbial community structure 
(Wade 2011).

The routine assessment of clinically-active 
disease involves pocket depth measurements and 
BOP.  While many early clinical studies have 
reported a positive association of certain species 
with BOP (Armitage et al. 1982; Socransky et al. 
1991; Socransky and Haffajee 2005), not all sites 
with periodontal destruction (pockets >5  mm) 
have increased inflammation (Abusleme et  al. 
2013). No significant difference between peri-
odontitis sites with or without BOP have been 
observed, but a significantly higher alpha- 
diversity (species richness and evenness) was 
observed in sites with periodontitis than in 
healthy sites (Abusleme et al. 2013). Even within 
diseased sites, subtle differences have been 
reported. Kirst et  al. measured a significantly 

Table 2.1 List of sample properties and experimental 
elements that can contribute to differences in metataxo-
nomic results

Variable element Examples References
Location in the 
oral cavity

Tongue, tooth 
surface, buccal 
mucosa, tonsils, 
soft/hard palate, lip 
vestibule, saliva, 
subgingival crevice

Caselli et al. 
(2020) and 
Socransky 
and Haffajee 
(2005)

Sampling 
techniques

Paper points, 
curettes

Beyer et al. 
(2017)

Origin of 
samples

Europe, North 
America, South 
America, Asia

Socransky 
and Haffajee 
(2005)

Probing depths Shallow sites 
(≤3–4) vs deep 
sites (≥6 mm)

Kirst et al. 
(2015), 
Pérez- 
Chaparro 
et al. (2018), 
and 
Socransky 
and Haffajee 
(2005)

Primers for 16S 
rRNA regions

V1–V3, V3–V4… Johnson 
et al. (2019)

Other health 
complications

Oral related : dental 
caries, periodontal 
diseases, 
endodontic lesions, 
odontogenic 
infections, dry 
socket, halitosis, 
etc

Genco and 
Sanz (2020) 
and 
Socransky 
and Haffajee 
(2005)

Systemic diseases: 
pancreatic cancer, 
heart disease, 
diabetes, etc

 Genco and 
Sanz (2020)

NGS platforms 454 
pyrosequencing

Mardis 
(2008)

Sequencing by 
Oligo Ligation 
Detection (SOLiD; 
Applied 
Biosystems)

Mardis 
(2008)

Ion Torrent 
(Applied 
Biosystems)

Kageyama 
et al. (2019)

Illumina (HiSeq, 
NextSeq, MiSeq)

Lazarevic 
et al. (2009) 
and Mardis 
(2008)

Single molecule 
real-time (SMRT) 
technology 
(PacBio)

Sadowsky 
et al. (2017)

(continued)
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higher diversity and species richness in 6  mm 
pocket depths as compared to depths >7–8 mm 
(Kirst et al. 2015). It was thought that the differ-
ence in microbial diversity according to pocket 
depths may suggest a transitional microbiota 
state that occurs during invasion resulting in a 
highly diverse community of healthy- and 
disease- associated microbes. Over time, the 
microbial community develops into a predomi-
nantly disease-associated microbiota which 
appears to be more homogenous than in healthy 
sites (Kirst et al. 2015). Table 2.1 provides a few 
examples of elements that needs considerations 
when conducting a 16S rRNA analysis. Notably, 
there is a long list of factors in experimental 
design and analyses that can influence the inter-
pretation of the biology. For this reason, a num-
ber of recent reviews suggest standardizations on 
how one may conduct an analysis on microbi-
omes (Knight et al. 2018; Wade and Prosdocimi 
2020).

The earliest experimental gingivitis model 
developed by Löe and colleagues in the 1960s 
described that the bacterial flora accumulating in 
plaque during gingivitis commence from 
 gram- positive cocci, to filamentous forms and 
rods, and finally transitioned to vibrios and spiro-
chetes with a prominent presence of gram- 
negative cocci (Löe et al. 1965). Further on, the 
microbial ecology and oral biofilm development 
have been scrutinized, leading to the definition of 
the Socranksy microbial complexes (Socransky 
et al. 1998) (Fig. 2.3). This progressive microbial 
transition from periodontal health to gingivitis 
has not changed present-day, but 16S rRNA 
sequencing techniques can rapidly provide more 
details than phenotypic information on the micro-
biome composition in tissue samples. Periodontal 
healthy sites were found to harbour aerobic and 
facultative anaerobic gram-positive cocci and 
rods, such as from the genera Actinomyces, 
Actinobacteria, Firmicutes Haemophilus, Rothia 
and Streptococcus (Chen et  al. 2018; Griffen 
et al. 2012; Kirst et al. 2015; Kistler et al. 2013). 
While sites associated with gingivitis and BOP 
showed a higher abundance of gram-negative 
bacteria from the genera Campylobacter, 
Fusobacterium, Leptotrichia, Lautropia, 
Selenomonas, Porphyromonas, and Tannerella 
(Kistler et  al. 2013). Similarly in periodontitis, 
the phyla Bacteroidetes (a majority in deeper 
pockets), Spirochetes and Synergistetes, as well 
as genera Treponema, Prevotella, Fusobacterium 
and Porphyromonas were predominant 
(Abusleme et al. 2013; Chen et al. 2018; Griffen 
et al. 2012; Kirst et al. 2015). Certain discrepan-
cies were also reported between studies, such as 
the absence of TM7  in the study by Tsai et  al. 
(2018), where this difference was suggested to be 
due to geographic variability, the sampling depth 
or technical variations in the laboratory (Tsai 
et al. 2018). In addition, it is known that A. acti-
nomycetemcomitans is highly associated with 
localized aggressive periodontitis, which is found 
infrequently in older adults and thus should be 
expected for the absence in samples from an 
older demographic (Genco et al. 2019).

As expected, the red complex (P. gingivalis, T. 
denticola and T. forsythia), F. nucleatum, P. inter-

Table 2.1 (continued)

Variable element Examples References
MinION 
technology (Oxford 
Nanopore)

Mikheyev 
and Tin 
(2014)

Read lengths Varies, depending 
on the sequencing 
technology

Benn et al. 
(2018)

Bioinformatics 
tools for 
analysis (most 
frequently used 
for microbiota 
analyses)

Quantitative 
Insights Into 
Microbial Ecology 
(QIIME)

Caporaso 
et al. (2010)

Human Oral 
Microbe 
Identification 
Microarray 
(HOMIM) and 
Human Oral 
Microbe 
Identification using 
Next Generation 
Sequencing 
(HOMINGS)

Mougeot 
et al. (2016)

MOTHUR Schloss 
(2020) and 
Schloss 
et al. (2009)
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media, have been reported in a wide number of 
studies analysing the subgingival bacterial pro-
files, to be associated with periodontitis samples, 
as well as the Gram-positive bacterium F. alocis, 
which was found highly abundant and strongly 
associated with disease. Table  2.2 is a non- 

exhaustive list of bacterial species most abun-
dantly found with a relative abundance of at least 
1%, reported in healthy, gingivitis or periodonti-
tis. In addition, many of the disease-associated 
species are found not only in deep sites, but also 
in shallow pockets which suggests an intermedi-

Species Cited in healthy
Cited in 
Gingivitis Cited in Periodontitis

Acinetobacter junii Griffen (2012) Griffen (2012)
Actinomyces naelundii Griffen (2012), Abusleme 

(2013), Kistler (2013), and 
Deng et al. (2018)

Actinomyces sp. Oral taxon 
169/170/171

Abusleme (2013), Hong 
(2015), and Kirst (2015)

Aggregatibacter 
actinomycetemcomitans

Offenbacher (2016) and Chen 
(2018)

Campylobacter gracilis Chen (2018) Kistler 
(2013)

Kistler (2013)

Campylobacter rectus Deng et al. 
(2017)

Szafrański (2015) and Offenbacher 
(2016)

Campylobacter showae Chen (2018) Kistler 
(2013)

Capnocytophaga leadbetteri Chen (2018) Kistler 
(2013)

Capnocytophaga sputigena Hong (2015) Kistler 
(2013)

Corynebacterim durum Abusleme (2013) and Hong 
(2015)

Corynebacterium matruchotii Abusleme (2013), Kistler 
(2013), and Hong (2015)

Kistler 
(2013)

Kistler (2013) and Hong (2015)

Desulfobulbus sp. Oral taxon 
041

Abusleme (2013) and Kirst (2015)

Eubacterium brachy Griffen (2012) and Abusleme 
(2013)

Filifactor alocis Griffen (2012), Abusleme (2013), 
Kirst (2015), Szafrański (2015), and 
Chen (2018)

Fusobacterium nucleatum ss. 
animalis

Abusleme (2013), Hong 
(2015), and Chen (2018)

Kistler 
(2013)

Abusleme (2013), Kistler (2013), 
Hong (2015), and Chen (2018)

Fusobacterium nucleatum ss. 
nucleatum

Abusleme (2013) and Deng 
et al. (2017)

Deng et al. 
(2017)

Abusleme (2013), Offenbacher 
(2016), and Chen (2018)

Fusobacterium nucleatum ss. 
polymorphum

Kistler (2013) Kistler 
(2013)

Kistler (2013), Hong (2015), and 
Chen (2018)

Fusobacterium nucleatum ss. 
vincentii

Abusleme (2013), Kistler 
(2013), Hong (2015), and 
Chen (2018)

Kistler 
(2013)

Abusleme (2013), Kistler (2013), 
Hong (2015), Kirst (2015), and 
Chen (2018)

Gemella haemolysans Kirst (2015) and Szafrański 
(2015)

Gemella morbillorum Griffen (2012) and Chen 
(2018)

Kistler 
(2013)

Kistler (2013)

(continued)

Table 2.2 List of bacterial species found most abundant 
(relative abundance of at least 1%) in periodontal states, 
reported by the respective studies  – (Abusleme et  al. 

2013; Chen et al. 2018; Deng et al. 2017, 2018; Griffen 
et  al. 2012; Hong et  al. 2015; Kistler et  al. 2013; 
Offenbacher et al. 2016; Szafrański et al. 2015)
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ate asymptomatic stage during pathogenesis and 
this would be an avenue for pre-disease detection 
(Griffen et  al. 2012). T. denticola was found in 
high abundance in subjects with severe periodon-
titis, but bacteria normally associated with dis-
ease such as T. forsythia, P. gingivalis and A. 
actinomycetemcomitans were observed to be at 
low abundance in severe periodontitis. Although 
an overlap of bacterial taxa have been noted 
across phenotypes (healthy, mild periodontitis, 
moderate periodontitis and severe periodontitis) 
and pocket depths, certain bacteria were notice-
ably more abundant in severe disease states and 
deeper pockets than in healthy samples and shal-
lower sites, namely, P. gingivalis, F. alocis, 
Fretibacterium fastidiosum and TM7 (Papapanou 
et  al. 2020). The reverse was true with species 
such as Veillonella parvula, Rothia dentocariosa 
and Lautropia mirabilis. As such, these bacteria 
should be regarded as constituents of the resident 
microbiota (core) and dysbiosis occurs when 
there is a progressive enrichment of certain resi-
dent bacterial species rather than an exogenous 
pathogen that invades the system through a niche 
(Papapanou et al. 2020).

The keystone hypothesis (Fig. 2.2) describes 
that low abundance microbial pathogens can 
exist discreetly during healthy conditions, and 
when the environment becomes favourable, they 
can initiate or contribute to dysbiosis and disease 
development (Hajishengallis et al. 2012). A num-
ber of studies have provided evidence of this 
hypothesis. One example is Treponema which 
normally exists at ~1% in health, but can dramat-
ically increase to a mean relative abundance of 

~20% in periodontitis. In contrast, Rothia and 
Actinomyces showed the reverse, measuring 
~20% in health and dropping to ~1% in 
 periodontitis (Abusleme et al. 2013). Furthermore, 
the authors observed that, while the relative abun-
dance of Actinomyces decreased from health to 
periodontitis, the total load was not altered. This 
suggests that during disease, the biomass of 
health-associated species such as Actinomyces is 
not lost but it is the increase of biomass of other 
(disease-associated) community members, 
resulting in a depleted relative abundance of 
Actinomyces over the total biomass of the micro-
biota (Abusleme et  al. 2013). This supports the 
same observation made in the Griffen study 
(2012) where health-associated species were not 
lost but remain as a smaller fraction of the total 
community (Griffen et  al. 2012). On the same 
note, the relative abundance of F. nucleatum tend 
not differ between health and disease states, 
which may confirm its functional role in provid-
ing structural support for the microbial commu-
nity (Abusleme et al. 2013).

Metagenomic analyses on the oral microbiota 
has been extended to elderly subjects (Genco 
et al. 2019; LaMonte et al. 2019; Papapanou et al. 
2020), and other lifestyle changes such as smok-
ing habit (Bizzarro et al. 2013; Mason et al. 2015; 
Yu et  al. 2017) and periodontal treatments 
(Schwarzberg et  al. 2014; Shi et  al. 2015), that 
may play a role in shaping the subgingival micro-
biome community. Few studies have described 
the effects of standard periodontal treatment with 
antibiotics on the subgingival microbiota in peri-
odontitis patients (Han et  al. 2017; Jünemann 

Table 2.2 (continued)

Species Cited in healthy
Cited in 
Gingivitis Cited in Periodontitis

Granulicatella adiacens Griffen (2012), Kirst (2015), 
and Szafrański (2015)

Kistler (2013)

Lautropia mirabilis Abusleme (2013), Kistler 
(2013), and Hong (2015)

Kistler 
(2013)

Abusleme (2013)

Abusleme 
(2013)

Mogibacterium timidum Abusleme (2013) and Kirst (2015)
Neisseria elongata Hong (2015) Abusleme (2013)
Neisseria flavescens Chen (2018)
Neisseria subflava Abusleme (2013)
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et al. 2012; Laksmana et al. 2012; Schwarzberg 
et al. 2014), but these are small-scale case studies 
and interpersonal variability in the microbiome 
between patients suggests a need to determine 
more consistent taxa before and after therapy as 
predictive indicators of disease progression or 
remission. Bizzarro et al. (2016) investigated the 
impact of periodontal treatment with and without 
antibiotics in the subgingival microbiota compo-
sition at baseline, 3-month, 6-month, and 
12-month post-treatment study. In general, peri-
odontal treatments yielded a decline in disease- 
associated taxa (e.g., Porphyromonas, Filifactor, 
Synergistaceae, Treponema and Tannerella) and 
an increase in health-associated bacteria (e.g., 
Neisseria, Rothia, Veillonella and 
Capnocytophaga). The efficiency of adjunctive 
antibiotics was only observed at 3-months post- 
treatment, but not at the further time-points. 
Patients presented with a more diverse microbi-
ota at baseline resulted in a better clinical out-
come, while patients with higher levels of 
Pseudomonadaceae (non-typical oral taxa such 
as Pseudomonas aeruginosa) at baseline were 
found to have poorer responses (Bizzarro et  al. 
2016). A prospective cohort study on subjects 
that underwent third molar surgery with or with-
out antibiotic treatment post-extraction revealed 
that, although antibiotic treatment reduced the 
relative abundance of genera Actinobacteria, 
Bacteriodetes and Fusobacterium up to 6 months, 
it did not create a significant impact in the overall 
microbial profile long-term (Menon et al. 2019). 
In a recent study, individuals with periodontitis 
who had periodontal treatment and maintained a 
healthy periodontal state, were found to harbour 
a different subgingival microbial composition of 
higher diversity and contained more disease- 
associated bacteria genera including Actinomyces, 
Leptotrichia and Fusobacterium, and presented a 
higher abundance of host destructive functions, 
as compared to healthy subjects (Lu et al. 2020). 
Taken together, these studies suggest that the use 
of adjunct antibiotics in periodontal treatment 
may not be advantageous, especially when a dys-
biotic microbiome may still be present 
 post- treatment. Furthermore, long-term antibi-
otic use can also lead to a risk for developing 

antibiotic resistance, inducing the dysbiosis of 
the oral and gut microbiota (Sweeney et al. 2004; 
Zaura et al. 2015).

2.1.2  Microbial Classification 
for Prediction in Periodontal 
Dysbiosis

Clustering analyses to associate bacterial species 
into different periodontal states have facilitated 
in studying relationships within the bacterial 
community. Duran-Pinedo and colleagues identi-
fied two distinct clusters (each made up of a num-
ber of bacterial network modules) associated 
with healthy individuals and one major commu-
nity associated with periodontitis (Duran-Pinedo 
et al. 2011). Interestingly, there was no overlap of 
bacterial modules between the two healthy com-
munities, suggesting that bacterial species are 
able to interact with different partners in various 
environmental conditions. Healthy cluster net-
works were less centralized and more stable, 
whereas in disease clusters, highly centralized 
nodes can be removed and cause failure in the 
network during environmental challenges. This is 
reminiscent of the ‘keystone pathogen’ idea 
whereby removing a disease-associating species 
(or encouraging the growth of a health- associating 
species) may alter the structure of the community 
(Duran-Pinedo et al. 2011).

A notable study by Offenbacher et al. created 
distinct models based on periodontal complex 
traits (PCT) using genome-wide associations in 
order to characterize the subgingival microbiome 
in clinical periodontal disease (Offenbacher et al. 
2016). This study is based on the idea that the 
manifestation of periodontitis is complex, and 
genetic variations can lead to various clinical 
states as well as the influence from the interac-
tions between the immune system and micro-
flora. As such, the interplay of various factors 
may result in different levels of dysbiosis and 
altered biological signature in each individual. 
For instance, individuals that had high correla-
tion and positive loading of P. gingivalis, P. inter-
media, P. nigrescens, T. forsythia, Treponema 
denticola, F. nucleatum, C. rectus, and A. actino-
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mycetemcomitans were classified as “Socransky 
trait” (PCT1); samples that had a high positive of 
GCF-IL-β and A. actinomycetemcomitans were 
labelled “Aa trait” (PCT3); and those with the 
highest loading of P. gingivalis were classified 
“Pg trait” (PCT5) (Offenbacher et  al. 2016). 
Using a larger cohort of samples and an indepen-
dent sample from a German study revealed that 
there was insufficient validation for clinically 
defined chronic periodontitis and aggressive peri-
odontitis. The authors suggested that there may 
be other means of pathogenic mechanisms, or the 
relevance of the identified gene loci may be asso-
ciated with the disease in a specific microbial/
immunological situation, and thus the possibility 
of different subgroups of clinical periodontitis 
(Offenbacher et  al. 2016). While this study is 
unable to clearly define clinical periodontitis and 
therefore no diagnostic utility in this context, the 
loci determined through genome-wide associa-
tions may facilitate the identification of new 
pathogenic pathways and thus the identification 
of candidate genes for genetic susceptibility in 
periodontitis.

The current prediction models to assess peri-
odontitis incidence and progression have been 
identified lack validation and limited for clinical 
applications (Du et al. 2018). These models are 
either risk assessments or based on clinical pre-
dictors. Alternatively, a couple of clinical studies 
analysing the subgingival microbiome formu-
lated prediction models based on the microbial 
classification associated with the periodontal 
state. Shi et al. (2015) classified the clinical states 
based on the subgingival microbiome profile of 
21 independent samples (13 diseased, 1 resolved 
and 7 healthy) and built co-occurrence networks, 
which were then tested to an accuracy of 81% in 
assigning the samples to their respective clinical 
states (Shi et  al. 2015). In another study, eight 
bacteria genera (Aggregatibacter, Gracilibacteria, 
Megasphaera, Mycoplasma, Agrobacterium, 
Veillonellaceae, Capnocytophaga, Fusobacterium) 
were used as biomarkers to generate a classifica-
tion model and tested to be 83% accurate (Lu 
et al. 2020). This latter study was based on well-
maintained individuals as there may be a recur-
rence of disease in patients with a history of 

periodontitis, which is highly relevant consider-
ing the high prevalence of periodontitis in the 
world. While the authors recognised the small 
sample size as a limitation, the findings supported 
the need to pay consideration on residual patho-
genicity due to the presence of a more dysbiotic 
community compared to healthy subjects (Lu 
et al. 2020).

By taking subgingival samples from patients 
with chronic periodontitis and healthy subjects, 
together with data made available by other pub-
lished studies, Meuric et  al. pooled all samples 
and subjected them to a microbiota analysis using 
the same pipeline to identify microbiota specific 
to health and disease (Meuric et al. 2017). This 
large number of samples (>600 subgingival) 
treated under the same bioinformatics analysis 
would potentially overcome individual and tech-
nical variations normally faced by small sample 
sizes and the use of different methods. Data was 
found clustered into five groups according to the 
clinical status or the sampling site. Healthy sub-
gingival samples were primarily distributed into 
two main clusters and the majority of periodonti-
tis samples (90%) clustered together. Interestingly, 
10% of the periodontitis samples were found in 
the healthy clusters, and 16% of the healthy sub-
gingival samples were found in the periodontitis 
cluster. The subgingival microbial richness was 
observed to be for the majority of the sample 
lower in periodontitis. However, the microbial 
diversity of one of the healthy clusters was greater 
than that the other healthy cluster and the peri-
odontitis (CP) cluster (Meuric et al. 2017).

When analysing the microbial communities, 
healthy subgingival samples were dominated by 8 
major genera, namely, Fusobacterium, Actinomyces, 
Streptococcus, Neisseria, Capnocytophaga, 
Prevotella, Corynebacterium and Rothia. There 
were also a number of minor genera worth mention-
ing: Leptotrichia, Veillonella, Porphyromonas, 
Granulicatella, Kingella and Gemella. In periodon-
titis samples, the major genera were less abundant, 
namely Treponema, Porphyromonas, Prevotella 
and Fusobacterium, followed by Streptococcus, 
Eubacterium, Tannerella and Campylobacter 
(Fig. 2.4). Using the relative abundance of genera 
highly prevalent (>95%) in periodontitis samples 
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(Eubacterium, Campylobacter, Treponema and 
Tannerella) versus genera highly prevalent (>95%) 
in healthy samples (Veillonella, Neisseria, Rothia, 
Corynebacterium and Actinomyces), a dysbiosis 
formula was generated (Fig. 2.5). Results revealed a 

clear distinction between healthy samples from dis-
eased samples (Meuric et  al. 2017). A different 
dataset containing samples from Bizzarro et  al. 
(2016), which were not included in the initial analy-
sis, were used to validate and to simplify the dysbio-

Fig. 2.4 Patterns of subgingival microbial communi-
ties. (a) Patterns of genera present in at least 95% of all 
healthy subgingival samples. (b) Patterns of genera pres-
ent in at least 95% of all chronic periodontitis samples. 
Edges represent 1 (thin line) or 2 or 3 (thick line) signifi-

cant correlations between genera (green – negative; red – 
negative). Node colors represent the number of partners, 
ranging from 1 (green) to 7 (dark orange). Node sizes rep-
resent the abundance of each taxon. (Figure was repro-
duced from Meuric et al. 2017)
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sis ratio (Porphyromonas, Treponema and 
Tannerella versus Rothia and Corynebacterium). A 
correlation was found with pocket depth, which 
confirmed the link between microbial dysbiosis and 
the depth of the periodontal pocket. The advantage 
of using the dysbiosis ratio during analysis can pro-
vide further information. For instance, a calculated 
low dysbiosis ratio from the subgingival sample at 
deep sites could indicate that the patient is microbi-
ologically on the mend, or a calculated high dysbio-
sis ratio at shallow sites may suggest a potential risk 
of periodontitis (Fig.  2.5) (Meuric et  al. 2017). 
Thus, by identifying the periodontal pathogens 
responsible for the imbalance, also termed as the 
“dysbiotic signature”, it may be a starting point as 
useful prediction tool in the diagnoses of periodon-
tal disease.

2.1.3  Understanding Microbial 
Dysbiosis and Host Responses 
Through Metatranscriptomics

While metagenomics/metataxonomic studies 
allow the identification of community members 
(taxonomic profile) of the microbiome, metatran-
scriptomics can enable the achievement of a 
functional profile to understand how the micro-
bial community respond to changes in the envi-
ronment over time. Thus, it is possible to identify 
the active functional profile of the microbiome 

under specific conditions, often dependent on the 
status of the host. As many studies reported a 
substantial overlap of microbial communities 
between active and non-progressing lesions, the 
periodontal status of sites (healthy, diseased or at 
risk of periodontitis) could not be determined 
solely by the observed differences in the subgin-
gival microbial composition measured. With the 
ease of high-throughput sequencing, additional 
transcriptomic data becomes easily attainable to 
provide a genome-wide mapping of altered gene 
expression when health transits to disease. While 
the identification of signature pathogens that lead 
to disease is of importance, the key to the patho-
genesis of polymicrobial diseases such as peri-
odontitis depends on the molecular mechanisms 
(host and microbial) that contribute to the dysbio-
sis. A small number of studies have analysed the 
transcriptome of the oral microbiome to define 
the microbial expression in periodontal infec-
tions, but the question of why in certain cases 
disease progresses while others remain stable 
remains unresolved.

It has been shown that the composition and 
structure of the microbiota can differ between 
individuals, and even at different sites within the 
same oral cavity (Ge et  al. 2013; Simón-Soro 
et  al. 2013). Similar to identifying key patho-
genic bacteria, the examination of crucial meta-
bolic or functional activities that render a healthy 
subject susceptible to disease can be carried out. 

Fig. 2.5 Subgingival 
dysbiosis ratios of 
Eubacterium, 
Campylobacter, 
Treponema, and 
Tannerella to 
Veillonella, Neisseria, 
Rothia, 
Corynebacterium, and 
Actinomyces. 
Comparison between 
healthy, shallow and 
chronic periodontitis 
(CP) samples from all 
clusters. (Figure was 
reproduced from Meuric 
et al. 2017)
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The characterization of alterations within the 
ecosystem may reveal how commensal bacteria 
can switch to virulence. A metabolism model by 
gene expression of the microbiota during health 
and disease revealed that ~18% of the metabolic 
enzymes were differentially expressed during 
disease (Jorth et al. 2014). Lysine fermentation to 
butyrate, histidine catabolism, nucleotide biosyn-
thesis and pyruvate formation were the pathways 
found to be upregulated during disease. Notably, 
it was identified that F. nucleatum was the only 
bacterium in diseased samples that degraded 
lysine to butyrate, while a number of different 
bacteria, varying in different patients, were found 
to express genes associated with histidine degra-
dation and pyruvate fermentation during disease 
(Jorth et al. 2014). This activity of butyrate pro-
duction by F. nucleatum may be correlated with a 
reduction of oxygen levels in deeper periodontal 
pockets (Diaz et al. 2000). As expected, key spe-
cies such as T. forsythia and P. gingivalis express 
genes encoding for virulence factors such as pro-
teases (e.g. collagenase, gingipains) which can 
also vary at different expression levels among 
patients. Despite the high inter-patient variability 
in microbial composition, conserved changes in 
the metabolism of the microbial community were 
identified, suggesting that multiple organisms are 
able to carry out specific metabolic roles that 
characterise a microbiota to be health- or disease- 
associated (Jorth et al. 2014).

Gene ontology (GO) terms associated with 
pathogenesis, oxidative stress response, cobala-
min biosynthesis, proteolysis and ferrous iron 
transport were found actively expressed in peri-
odontally active sites (Yost et  al. 2015). 
Furthermore, metabolic activities such as citrate 
transport, iron transport, potassium transport, 
amino acid transport, isoprenoid biosynthesis 
and flagellar motility were found to be signifi-
cantly highly expressed in progressing sites, 
microbial functional activities that have been 
reported in the initial virulent stages leading to 
the progression of disease (Nowicki et al. 2018; 
Yost et al. 2015). Interestingly, there was an over- 
representation of GO terms related to potassium 
ion transport (Yost et al. 2015). This importance 
of potassium in the periodontal pocket during 

dysbiosis was further explored (Yost et al. 2017). 
In vitro experiments involving the incubation of 
dental plaque with potassium showed that activi-
ties associated with disease including iron ion 
transport, flagellum assembly and proteolysis. 
Other virulence factors were upregulated, such as 
hemolysis, were significantly expressed by P. 
nigrescens and S. mitis. Furthermore, using a 
three-dimensional gingival multi-layered tissue 
model, the presence of potassium ion induced the 
expression of pro-inflammatory cytokines, IL-6 
and TNF-α, as well as decreased the expression 
levels of human beta defensin-3, an antibacterial 
component known to maintain periodontal 
homeostasis (Yost et al. 2017).

In progressing sites with clinical breakdown, a 
high level of expression of putative virulence fac-
tors by both red and orange complex members 
was observed, however, at baseline, only P. gingi-
valis, S. constellatus and P. intermedia were 
actively expressing these virulence factors (Yost 
et al. 2015). The authors also observed that mem-
bers of the red complex had an increased response 
to beta-lactamase, while Porphyromonas and 
Prevotella (particularly, P. gingivalis, P. nigres-
cens and P. intermedia) upregulated genes for 
conjugative transposons for horizontal transfer of 
antibiotic resistance. However, it is still unclear 
at this point the role of these antibiotic-related 
gene activities as the patients were not under 
antibiotic therapy at the time of the study. More 
interestingly, bacterial normally associated with 
periodontal health, such as V. parvula, S. mitis, 
Staphylococcus intermedius and V. parvula and 
have been observed to partake in the upregulation 
of putative virulence factors in active sites. With 
particular mention of Pseudomonas fluorescens, 
a species not normally associated with periodon-
titis but have been found as one of the top produc-
ers of virulence factors, both in baseline and 
active sites. When relating clinical parameters 
with gene expression profiles, increasing probing 
depth and increasing clinical attachment level 
were highly associated with proteolytic activity 
and potassium ion transport. The results demon-
strated by Yost and colleagues suggest that the 
whole microbiome community, including previ-
ously identified health-associated bacteria, are 
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responsible for the increase in virulence that can 
contribute to the progression of disease (Yost 
et al. 2015).

Szafrański et  al. 2015 compared the gene 
expression profiles of samples from healthy and 
chronic periodontitis subjects and identified three 
functional biomarker genes that clearly differen-
tiates between health and disease (Szafrański 
et al. 2015). These highly expressed biomarkers 
genes encodes: the gene for haem binding protein 
HmuY in P. gingivalis, the gene for flagella fila-
ment core protein FlaB3 in T. denticola, and the 
gene for a repeat protein of unknown function in 
F. alocis. To validate these biomarkers, the 
authors applied them to a separate raw dataset 
previously published by Jorth et  al. (2014) and 
showed that all but one sample was correctly 
classified, which was identified as an outlier. 
Nevertheless, this validation determined that the 
difference in methods relating to sample collec-
tion, processing and analysis did not influence 
the result and the three identified biomarkers can 
be used as “true signatures” for classifying health 
and disease samples (Szafrański et al. 2015). In a 
further study by the same group, transcriptional 
profiles of the three most prominent microbial 
members during periodontitis, P. gingvalis, 
T. denticola and F. nucleautum, were studied and 
compared between in vivo and laboratory culture 
states (Deng et al. 2018). P. gingivalis from 
in vivo samples actively expressed genes associ-
ated with protein metabolism, translation, cell 
adhesion and pathogenesis, most particularly the 
hmu hemin/heme uptake gene locus, as well as 
other nutrient uptake transporters. In contrast, P. 
gingivalis grown in culture expressed more genes 
related to DNA methylation, thiamine biosynthe-
sis and cell wall organisation. In vivo T. denticola 
upregulates genes associated with iron transport-
ers but downregulates genes coding for hemoly-
sin suggesting that during disease T. denticola do 
not actively lyse erythrocytes but scavenges iron 
from the environment readily made available by 
other bacteria such as F. nucleatum. Both in vivo 
and culture T. denticola were found to actively 
express genes for flagella filament proteins, the 
Msp protein and dentilisin. The most strongly 
expressed gene by in vivo F. nucleatum was found 

to be a hemin receptor as well as the Fad adhesin, 
which was also shown to be expressed in culture 
as well (Deng et al. 2018). The metabolic activi-
ties of each organism complement other species 
in the community which consequently encour-
ages the growth and virulence during disease 
(Fig. 2.6). This metabolic cooperativity has been 
well-studied between P. gingivalis and T. dentic-
ola; free glycine is made available to the latter 
through hydrolysis of glycine-containing pep-
tides by P. gingivalis, providing an energy source 
for T. denticola (Kin et al. 2020; Tan et al. 2014). 
By unravelling the metabolic activities of key 
players of pathogenesis, it is possible to map out 
the relationships within the micro-diversity of the 
periodontal pocket. Thus, by interfering with cer-
tain genes that supports their survival and co- 
dependence within the microbial community 
may help to shift the dysbiosis towards eubiosis.

A small handful of studies have examined the 
host gene expression profiles and pathways that 
contribute to inflammation and bone resorption 
in periodontitis. Genes found highly expressed 
during disease were noted to be immunoglobulin- 
related genes, chemokines, matrix metallopro-
teinases, cell adhesion molecules and tumour 
necrosis factor signalling (Demmer et  al. 2008; 
Papapanou et  al. 2009). Other metabolic path-
ways [e.g. p38, mitogen-activated protein kinase 
(MAPK), and c-Jun N-terminal kinase (JNK)] 
that lead to proliferation, inflammation and apop-
tosis were also found significantly upregulated in 
diseased tissues (Demmer et al. 2008; Papapanou 
et al. 2009). GO analysis of biological processes 
was conducted with regards to the subgingival 
colonisation of selected subgingival species. 
Antigen processing and presentation was the 
highest differentially regulated activity associ-
ated with A. actinomycetemcomitans, P. gingiva-
lis, T. denticola and T. forsythia, followed by 
regulation of cell differentiation with the mem-
bers of the red complex (Papapanou et al. 2009). 
A study by Kim et al. (2016) showed that genes 
associated with defence and immunity proteins, 
receptor signalling, proteases and signalling mol-
ecules were highly enriched during periodontitis, 
while genes of cytoskeletal structural proteins 
were more expressed during healthy conditions 
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(Kim et al. 2016). Furthermore, genes associated 
with the IL-17 cytokine pathway were also found 
upregulated in diseased gingival tissues 
(Kebschull et al. 2014; Kim et al. 2016). IL-17 is 
one of the most important cytokines involved in 
the early innate immune response, produced by 
Th17 cells (a subset of CD4 T cells, NKT cells 
and γδ T cells) to activate neutrophils and the 
release of IL-1β and TNF-α.

Two separate studies analysed the sequential 
gene expression changes in gingival tissue sam-
ples of periodontal-healthy individuals, at vari-
ous time points from induction of experimental 
gingivitis and resolution to periodontal health 
(Jönsson et al. 2011; Offenbacher et al. 2009). 
There was a consensus of upregulated genes 
associated with cell adhesion, leukocyte trans- 
endothelial migration, chemokines and innate 

Fig. 2.6 A schematic diagram showing the synergistic 
functional activities between F. nucleatum, T. denticola 
and P. gingivalis, and some examples of metabolic 
activities up-regulated by oral bacteria during disease. 
During disease conditions, F. nucleatum increases hemo-
lysin expression which helps to release heme from the 
environment. Free heme is taken up by T. denticola, which 
upregulates flagella proteins facilitating mobility. T. denti-
cola and P. gingivalis are known to associate together 
through adherence proteins such as fimbrilin and thus 
allowing P. gingivalis to be transported within the biofilm. 

P. gingivalis upregulates protease and hemagglutinin 
genes to cause proteolysis and the release of amino acids 
or glycine, which are then available for uptake by F. 
nucleatum and T. denticola, respectively. Other bacteria 
within the oral biofilm have been shown to upregulate 
various metabolic pathways and putative virulence genes 
that play a role in bacterial survival and disease progres-
sion. (Figure was adapted using data from Deng et  al. 
2018; Jorth et al. 2014; Szafrański et al. 2015; Tan et al. 
2014; Yost et al. 2015)
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immunity activation. As gingivitis progressed to 
resolution, genes previously observed to be 
upregulated during infection were downregu-
lated, notably chemokines and factors for host 
immune cell activation (Jönsson et  al. 2011; 
Offenbacher et  al. 2009). Interestingly, both 
studies also found that pathways and genes 
associated with neural activation, tight junctions 
and adherens junctions were differentially regu-
lated between health and gingivitis (Jönsson 
et  al. 2011; Offenbacher et  al. 2009). 
Furthermore, Kim et al. (2016) described an ion 
channel- forming member of the claudin family, 
CLDN10, which is a constituent of tight junc-
tion (Krug et  al. 2014) to be highly overex-
pressed during periodontitis, while genes for 
keratin and late cornified envelope were actively 
downregulated (Kim et  al. 2016). Taken 
together, these findings suggest that epithelial 
barrier activity may be an important biologic 
process involved during the pathogenesis of oral 
infections.

Despite being the lesser common tool as 
compared to metagenomics/metataxonomics, 
the area of metatranscriptomics has flourished 
in the last decade with an increasing number of 
metatranscriptomic datasets being deposited in 
the National Center for Biotechnology 
Information (NCBI) Sequence Read Archive 
(SRA) database annually; and less than 10% of 
these datasets comprise of human/animal sam-
ples, where a large proportion of human sam-
ples are related to the gut and oral microbiome 
(Human Microbiome Project Consortium 
2012; Shakya et al. 2019). However, there are 
still obstacles that allow a successful metatran-
scriptomic analysis, including the lack of ade-
quate reference metadata as well as the need 
for longer reads to provide higher resolution of 
transcripts. Nevertheless, there does exist a 
large collection of bioinformatics tools and 
workflows to enable the analyses of metatran-
scriptomics data and continual developments 
should be underway to support the next genera-
tion of metatranscriptomics (Shakya et  al. 
2019).

2.2  Conclusion and Perspectives

NGS technologies have been around for the last 
two decades, and tremendous progress have been 
made using the “omics” tools to comprehend the 
root of disease, assess risks and target specific 
key pathways. One drawback of these technolo-
gies is the inability to provide details at the sub- 
species level, as well as a difficulty in studying 
non-bacterial organisms (i.e.: fungi, viruses) of 
the oral microbiome simultaneously. The use of 
oligo-typing have enabled the exploration in 
diversity within defined microbial species 
between health and disease samples, such as 
between P. gingivalis and P. intermedia (Genco 
et  al. 2019). Other methods such as whole 
genome sequencing could lend a hand in this 
domain, as shown in a recent study that compre-
hensively analysed the oral microbiome during 
healthy conditions (Caselli et al. 2020). The use-
fulness of these ever-evolving high throughput 
systems has allowed rapid analyses and identifi-
cation of bacterial species newly-associated with 
periodontitis, including Desulfobulbus, F. alocis 
and TM7 (now known as Saccharibacteria). The 
importance of identifying low-abundance patho-
gens has been highlighted by Hajishengallis 
(2011), whereby low-abundance species can play 
roles in the initiation and progression of disease, 
which are largely unknown at the moment. Even 
within well-known phyla such as Bacteroidetes, 
previously-uncultured Tannerella sp. BU063 
which is a relative of T. forsythia, have been iden-
tified by single-cell genomic sequencing, to exist 
predominantly in healthy oral communities and 
lacks disease-associated virulence genes (Beall 
et al. 2014). Single-cell genomics have enabled 
the study of uncultured microorganisms from a 
wide range of environments including the oral 
cavity, which have enabled scientists to culture 
these obscure microorganisms under controlled 
environments in order to understand their role in 
the community (Balachandran et al. 2020; Cross 
et  al. 2019). This technology has been used to 
identify other uncultured bacteria such as 
Deltaproteobacteria (Campbell et  al. 2013a), 

S. B. Fong et al.



37

Saccharibacteria (TM7) (Marcy et al. 2007), and 
Absconditabacteria (SR1) (Campbell et  al. 
2013b).

New types of sequencers such as the MinION 
(Oxford Nanopore Technologies) have been 
developed as a portable, cost-effective sequencer 
that can handle long-reads to generate whole 
genome sequences. Despite certain limitations 
like sequence fidelity, the MinION sequencer 
has already been used in various applications 
(Kerkhof et al. 2017). Computational tools in the 
NGS analysis workflow have also been upgraded 
gradually to overcome computational errors and 
bias, as well as becoming more powerful in deci-
phering the multiple layers of data sets generated 
(Pereira et  al. 2020). As newer approaches in 
NGS become more affordable and readily acces-
sible, massive amount of data generated will 
need to be well-integrated and standardized to 
fully comprehend the significance of each aspect 
of the study. This is especially important as the 
time required for data analysis commonly forms 
a “bottleneck” in NGS studies (Vincent et  al. 
2017). Certainly, this would also pave the way 
for better designed multi-omics longitudinal 
clinical studies and improve clinical interven-
tions. Conducting multi-omics studies is not a 
new idea as shown by studies of the gut (Quinn 
et  al. 2016) and the periodontal pocket (Califf 
et  al. 2017). Despite the small sample sizes, 
these studies create the foundation for careful 
development of larger projects. Further opportu-
nities include exploring the roles of genes, pro-
teins, and metabolites within the ecosystem not 
only with bacteria, but also archaea, protozoa, 
fungi, and viruses.

The fields of other omic technologies such as 
metaproteomics, metabolomics and metalipido-
mics have not been discussed in this chapter. The 
use of these technologies in dental studies pro-
duces a vast amount of data that can characterize 
the oral microbiome more accurately as they 
identify the reaction, communication and 
 signaling by-products within the oral ecosystem. 
However, the interpretation of data in these areas 

is far more challenging and thus, they are less 
widespread than metagenomics and metatran-
scriptomics. A recent review provided a detailed 
collection of clinical studies using metapro-
teomics/metabolomics profiling (Bostanci et  al. 
2021).

Considering the new 2018 classification of 
periodontal diseases, while the extent of peri-
odontitis generally remains unchanged, the inclu-
sion of information such as general health status, 
other exposures including smoking, diabetes and 
response to treatments allows the grading of dis-
ease progression risk. A 2014 study clustering 
patients with chronic periodontitis or aggressive 
periodontitis based on the clinical severity and 
subgingival colonization compared the gene 
expression profiles of gingival tissues (Kebschull 
et  al. 2014). One cluster presented more severe 
periodontitis and was shown to express pathways 
related to chemotaxis, proliferation, differentia-
tion, immune activation, and cytotoxicity, 
whereas another cluster expressed pathways 
associated with cell proliferation, growth and 
maintenance. Although these results did not fol-
low the previous classification of chronic and 
aggressive periodontitis, the distinctive gene 
expression signatures related to the severity of 
the diseased gingival tissues suggests a possible 
basis for re-classification of periodontitis 
(Kebschull et  al. 2014). As such, it would be 
interesting to re-analyze microbiome data previ-
ously published with regards to the new 2018 
classification, which may result in a clearer asso-
ciation between clinical observation and biologi-
cal presentation. Undeniably, periodontitis is a 
complex disease, and a key challenge will be to 
identify reliable biomarker signatures that can 
classify an individual at risk for disease. This 
would likely be formulated with microbial and 
host elements as these aspects are highly inter-
linked. Although current prediction models pre-
sented in this review are still insufficient for use 
in the clinical setting, there is potential in devel-
oping these ideas into promising solutions in the 
near future.
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Abstract

Aggregatibacter actinomycetemcomitans is a 
major periodontal pathogen that was identified 
firstly in actinomycotic lesions and later in 
advanced forms of periodontal diseases as well 
as in oral cavity of healthy subjects. The par-
ticular pathogenicity of this specie makes it a 

target for extensive studies both at fundamental 
and practical scales. The current advances in 
experimental and clinical research related to 
this bacterium focus the light on epidemiologic 
features, virulence, and invasiveness aspects as 
well as on identification challenges, bacterial 
susceptibility, and anti- virulence strategies. 
The present chapter provide to scientists and 
periodontal researchers a comprehensive over-
view on the main advances made in this field 
with a special focus on epidemiologic dissemi-
nation, microbial diagnosis, virulence factors 
and clinical implementations of such progress.
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LAgP localized aggressive 

periodontitis
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LJP localized juvenile periodontitis
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ionization time-of-flight mass 
spectrometry
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PCR polymerase chain reaction
RANKL Receptor activator of NF-kappaB 

Ligand
RNA ribonucleic acid
rPCR rapid PCR;
RS  Ringer’s solution
RTF reduced transport fluid
TNF-α tumor necrosis factor α
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vancomycin

Highlights

• Aggregatibacter actinomycetemcomitans 
is one of the key periopathogens that are 
involved in the pathogenesis of destruc-
tive forms of periodontal diseases.

• Numerous studies have focused on 
drawing the dissemination cartography 
of this pathogen and defining the geo-
graphic distribution of the most preva-
lent serotypes and genotypes.

• Advances in molecular biology and bio-
technology resulted in more accurate 
and less time-consuming tools to iden-
tify this germ facilitating therefore a 
credible microbial diagnosis.

Considerations for Practice

• For clinicians Periodontal patient might 
harbour non-virulent or virulent sero-
types of A. actinomycetemcomitans, 
with possible horizontal and/or vertical 
transmission.

• Microbial diagnosis might be useful if 
used as a part of personalized approach 
taking into consideration the local epi-
demiologic features and the clinical 
parameters.

• Despite the wide range of antimicrobial 
and anti-virulence possibilities, the indi-
vidual plaque control and mechanical 
debridement should be a constant part of 
any therapeutic strategy.

Patient Summary

Periodontal patients are required to ask 
their periodontists on the interest of provid-
ing microbial test to detect the presence of 
A. actinomycetemcomitans. In case of its 
detection, positive subjects should not attri-
bute the severity of their form of periodon-
tal disease to the only infection by this 
germ. Diseased individuals should under-
stand the multifactorial aspect of this 
pathology, and the important role that play 
bacterial plaque and plaque related factors 
in the onset and progression of periodontal 
diseases. However, those patients need to 
know that such bacterial screening might 
enhance therapeutic procedures, guide 
antimicrobial solutions and reduce bacte-
rial resistance risks.

• Current therapeutic solutions are based 
on the use of synthetic and natural anti-
microbial agents, while promising 
research are targeting the utilization of 
anti-virulence strategies.

A. Hbibi et al.
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3.1  Introduction

Research on periodontal microbiology exhib-
ited, in the last decades, a large interest from 
researchers trying to understand the role of 
microbial factor in the pathogenesis and treat-
ment of periodontal disease. The concept and the 
impact of bacterial biofilm in these processes 
were the main conclusions of these investiga-
tions. In this biofilm, Socransky stipulated the 
presence of many subgingival bacterial agglom-
erations grouped in five « major complexes » 
based on nutritional and ecologic interactions 
(Socransky et al. 1998). Among these bacterial 
communities there is one specie called after-
wards Aggregatibacter actinomycetemcomitans 
which benefited from intensive research due to 
its particular virulence and its presumed role in 
aggressive forms of periodontal diseases 
(Haubek et  al. 1996; Tsai et  al. 2018). 
Longitudinal studies have shown that presence 
of A. actinomycetemcomitans in subgingival 
plaque of periodontally healthy adolescents is 
significantly associated with a future attachment 
loss (Van der Velden et al. 2006; Fine et al. 2007; 
Haubek et al. 2008; Höglund Åberg et al. 2014). 
This association was further strengthen if the 
bacteria were from the highly leukotoxic geno-
type of A. actinomycetemcomitans (Haubek 
et al. 2008; Höglund Åberg et al. 2014). These 
aspects have made this germ an attractive target 
for clinical and fundamental studies that have 
focused on taxonomy, identification, dissemina-
tion, virulence factors, antimicrobial suscepti-
bilities and recently on anti-virulence strategies. 
In the current chapter, we synthetize the latest 
findings regarding these fields with special focus 
on clinical implementations of such advances. 
The aim of this work is to provide to researchers 
a comprehensive analysis of this specie and dis-
cuss some critical concerns related to its screen-
ing and clinical impacts on periodontal health 
and disease.

3.2  From Sero-Epidemiology 
to Microbial Susceptibility: 
Advances and Challenges

3.2.1  Taxonomy, Dissemination, 
and Organization

3.2.1.1  Taxonomy
A. actinomycetemcomitans is a unique periodon-
tal pathogen which was described for the first 
time by Klinger in 1912 (Klinger 1912) as a coc-
cobacillus under “Bacterium actinomycetem-
comitans” designation due to what was considered 
as a close phenotypic likeness to Actinobacillus 
lignieresii. The specie has been reclassified later 
as Actinobacillus actinomycetemcomitans 
(Topley 1929), then affiliated to Haemophilus 
genus as Haemophilus actinomycetemcomitans 
in 1985 (Potts et al. 1986). Actinobacillus actino-
mycetemcomitans and Haemophilus actinomy-
cetemcomitans were considered as the same 
specie for decades. They were described as a 
gram negative facultative anaerobe and capno-
philic coccobacillus (Newman et al. 1976). Both 
Haemophilus and Actinobacillus actinomycetem-
comitans were replaced by Aggregatibacter acti-
nomycetemcomitans since 2006 by 
Norskov-Lauritsen (Nørskov-Lauritsen and 
Kilian 2006). This author highlighted the close 
molecular taxonomy between the three 
Aggregatibacter species which compose 
Aggregatibacter genus: A. actinomycetemcomi-
tans, A. aphrophilus, and A. segnis. The 
“Aggregatibacter” term was created to indicates 
“a rod-shaped bacterium that aggregates” 
(Figs. 3.1 and 3.2).

This genus has long been considered to be 
indigenous to man until the isolation of A. actino-
mycetemcomitans from old world nonhuman pri-
mates and rhesus macaque (Nørskov-Lauritsen 
and Kilian 2006; Karched et al. 2012a, b). In the 
human clinical context, this bacteria is more 
likely to be isolated from periodontal and actino-
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mycotic lesions (Socransky et  al. 1998; Zijlstra 
et  al. 1992), as from respiratory and urinary 
infections (Storms et  al. 2017; Komaru et  al. 
2018), brain abscess (Moazzam et al. 2015) and 
endocarditis (Sharara et al. 2016). This pathogen 
is usually associated with aggressive forms of 
periodontal disease (Montenegro et al. 2020).

3.2.1.2  Serotypes and Dissemination
Based on differences in antigenic properties of 
the different strains of A. actinomycetemcomi-
tans, molecular biology techniques have defined 
7 serotypes of this bacteria (a, b, c, d, e, f and g), 
as well as non-serotypeable ones (Perry et  al. 
1996a, b; Kaplan et al. 2001; Tsuzukibashi et al. 

2014). Subjects who are positives for A. actino-
mycetemcomitans could express healthy or 
pathologic periodontal condition including 
chronic and aggressive forms. In fact, in a limited 
serotyped cohort (63 subjects) in India, 12 posi-
tive patients, for A. actinomycetemcomitans, had 
a healthy periodontium (19%) while 51 subjects 
who were positives (80.9%) had a chronic peri-
odontitis (Joshi et  al. 2017). In Brazil, up to 
57.8% of healthy included participants harboured 
A. actinomycetemcomitans (Arenas Rodrigues 
et  al. 2018). Based on serotypes status, in the 
same country, chronic periodontitis was associ-
ated with serotype c while healthy periodontium 
was associated with serotype b (Teixeira et  al. 

Fig. 3.1 Taxonomy 
history of 
Aggregatibacter 
actinomycetemcomitans

Fig. 3.2 Coloured 
scanning electron 
micrograph of 
Aggregatibacter 
actinomycetemcomitans 
(magnification × 2280). 
Science Photo Library 
(rights managed)
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2006). Controversially, this serotype was most 
associated with “aggressive periodontitis” in 
other populations (Mínguez et  al. 2016; Yang 
et al. 2004).

The large diversity of serotypes among stud-
ied populations, and their association with differ-
ent periodontal conditions, may be affected by 
differences in ethnic and geographic origins 
(Brígido et al. 2014). This could explain likewise 
the heterogeneity of different co-colonisations of 
mixed serotypes which were highlighted in the 
literature. Positive patients for A. actinomy-
cetemcomitans might be colonized predomi-
nantly by one serotype, while less prevalent 
subjects could be affected by two to four sero-
types of this bacterium at the same time 
(Akrivopoulou et  al. 2017; Roman-Torres et  al. 
2010). Globally, the most predominant serotypes 
are serotypes a, b and c which is most prevalent 
worldwide(Brígido et  al. 2014). Otherwise, a 
limited cohort revealed a combined colonization 
by any serotype of A. actinomycetemcomitans 
and herpesvirus (cytomegalovirus and Epstein- 
Barr virus) (Joshi et al. 2017).

3.2.1.3  Genotyping and Dissemination
Among the pre-cited serotypes, serotype b has 
attracted more attention from researchers due to 
its specific genotypes’ variety (Claesson et  al. 
2017). In this context, the JP2 clone was more 
studied because of its particular virulence and 
was more likely to be associated with advanced 
periodontal lesions (Haubek et  al. 1996; Tsai 
et al. 2018). This virulence is linked, among oth-
ers, to the excessive liberation of an exotoxin 
(leukotoxin), and therefore designated as a highly 
leukotoxic strain, following mutations in the leu-
cotoxin promoter structure (Hritz et  al. 1996). 
These mutations resulted in many highly leuco-
toxic strains among serotype b including JP2 
strain (following 530-base pair (bp) deletion in 
the ltxCABD promoter region), strain with a 640- 
bp deletion, other strains with full length pro-
moter such as strain Y4, and two recently 
discovered strains, one with a 172-bp duplica-
tion, and another one with 230-bp deletion 
(Claesson et al. 2020).

JP2 genotype has been suggested to appear as 
a specific strain of North-African zone since 

2400 years ago (Haubek et al. 2007), then spread 
to West Africa and over seas. Its current geo-
graphic dissemination seems to be widely 
enlarged and was therefore detected in many 
other countries with distinct tropism to individu-
als of African descent (Haubek et  al. 2007; de 
Araujo Neris et  al. 2015; Burgess et  al. 2017). 
However, some limited cases of JP2 positive 
hosts among Caucasian populations have been 
reported even without any history of close con-
tact with Africans or known positive subjects, 
while no cases have been reported among Asian 
populations (Stähli et  al. 2020; Claesson et  al. 
2011, 2017) (Table 3.1).

3.2.1.4  A. actinomycetemcomitans: 
Commensal or Pathogen?

In the light of the taxonomic features above, 
many research discussed the ecologic status of A. 
actinomycetemcomitans. In fact, the high 
detected prevalence of this bacteria among 
Chinese population, regardless of its serotyping, 
suggested that this specie could be a part of the 
ordinary oral microbiota of this ethnicity (Haubek 
et  al. 1996). Otherwise, this genus was firstly 
suggested to be opportunistic pathogen in the 
aggressive forms of periodontitis worldwide, and 
exogenous pathogen (JP2 clone) in diseased 
hosts originated from African continent (Haubek 
et al. 1996, 2007). Later reports have described 
distinct transmission models of A. actinomy-
cetemcomitans for various serotypes and not spe-
cifically for JP2 clone (Doğan et  al. 2008; Al 
Yahfoufi 2017). In fact, Van Winkelhoff high-
lighted variable frequencies of horizontal trans-
mission in spouses between 14% and 60% while 
vertical transmission was described between 
30% and 60% (Van Winkelhoff and Boutaga 
2005). This transmission from mother or care-
giver to child focused the light on the impact of 
A. actinomycetemcomitans as early colonizer in 
predentate children. Such early presence in oral 
mucosa, especially buccal epithelial cells, sug-
gests that those cells represent a possible reser-
voir for the further bacterial colonization of oral 
tissues (Fine et  al. 2010; Lamell et  al. 2000; 
Tanner et al. 2002).

Other studies in eastern countries were in the 
line with such finding pointing that members of a 
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same family might harbour and share one to 
many clonal types of A. actinomycetemcomitans 
(Doğan et  al. 2008; Al Yahfoufi 2017). Such 
transmission could be explained either by oral 
hygiene and personal habits or by the common 
genetic and immuno-inflammatory factors in the 
same family.

3.2.1.5  Oral Habitats, Organization 
and Interaction

A. actinomycetemcomitans could be organized in 
planktonic state in gingival crevicular fluid and 
saliva, and as biofilm colonizer in subgingival 
and supragingival biofilm including on gingivae, 
tongue, cheek, tonsil, and hard palate (Ennibi 

et  al. 2019; Asikainen and Chen 1999; Müller 
et al. 2001; Slots et al. 1980). The highest level of 
presence of this micro-organism was found in 
periodontal pockets and more interestingly in 
subgingival plaque of first molars and maxillary 
third molars (Van der Weijden et al. 1994; Müller 
et al. 2001). This presence within dental plaque 
engages this specie in the possibility of interact-
ing with other microorganisms of the oral micro-
flora. In fact, the biofilm formation of Candida 
albicans could be inhibited by a molecule named 
autoinducer-2 (AI-2) synthetized by A. actinomy-
cetemcomitans (Bachtiar et al. 2014). In contrast, 
the growth of this bacterium was documented to 
be inhibited by many commensal oral lactobacil-

Table 3.1 Global distribution of A. actinomycetemcomitans serotypes by continent

Continent
Investigated 
countries

Total 
sample 
size*

Global found 
serotypes

Global found 
genotypes Studies

Africa Ghana 798 b JP2, non 
JP2, cdt+

Åberg et al. (2012), Höglund Åberg et al. 
(2013) and Dahlén et al. (2014)

Morocco 1643 b, a, e JP2, non 
JP2, cdt+, cdt–

Ennibi et al. (2012), Haubek et al. (2008), 
Haubek et al. (2001), Jensen et al. (2016) and 
Mínguez et al. (2016)

Sudan 66 b JP2, non JP2 Elamin et al. (2011) and Elabdeen et al. 
(2015)

America Brazil 535 a, b, c, e NI Teixeira et al. (2006) and Roman-Torres 
et al. (2010)

United States 1381 a, b, c, d, e, 
f

Y4, JP2 Celenligil and Ebersole (1998), Chen et al. 
(2010) and Fine et al. (2007)

Australia NI NI NI NI NI
Asia China 179 a, b, c, e, f, Non JP2, 

cdt+, cdt–
Leung et al. (2005), Mombelli et al. (1999) 
and Tan et al. (2001)

India 143 a, b, c, d, e Non JP2 Joshi et al. (2017) and Suprith et al. (2018)
Indonesia 94 a, b, c, d, e NI van der Reijden et al. (2008)
Japan 384 a, b, c, d, e NI Yoshida et al. (2003) and Thiha et al. (2007)
Thailand 453 a, b, c, f Non JP2, 

cdt+, cdt–
Bandhaya et al. (2012)

Europe Germany 99 a, b, c, d, e, 
f

Non JP2, 
JP2, cdt+, cdt–

Jentsch et al. (2012)

Greece 228 a, b, c, e Non JP2 Sakellari et al. (2011)
Spain 701 a, b, c, d Non JP2 Mínguez et al. (2014)
Sweden 26 a, b, c, e Non JP2, 

cdt+, cdt–
Aberg et al. (2009) and Sjödin et al. (1995)

Turkey 142 a, b, c, f Y4, JP2 Celenligil and Ebersole (1998) and Doğan 
et al. (2016)

United 
Kingdom

50 a, b, c, e NI Akrivopoulou et al. (2017)

*Total sample size describes the total number of subjects, included in the corresponding studies, who benefited from 
bacterial and serotyping sampling; cdt cytolethal distending factor, NI not identified
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lus and streptococcus strains among healthy indi-
viduals (van Essche et  al. 2013; Herrero et  al. 
2016; Teughels et al. 2007).

3.2.2  Isolation and Identification

3.2.2.1  Samples Collection, Transport 
and Storage

The main principle of collecting specimens in 
bacteriology is to target this process in the con-
cerned infected site and avoid assembling unnec-
essary species surrounding this infectious aera. 
This technical challenge is also present during 
the collecting procedure of A. actinomycetem-
comitans with some variations related to natural 
habitats of this specie. In fact, this bacterium, as 
described above, could be present in many oral 
sites including narrow sites (periodontal pockets) 
and larges ones (e.g. saliva, tongue). For the first 
category, the use of absorbent endodontic paper 
is mandatory to collect A. actinomycetemcomi-
tans, while for the other one the swabs are usu-
ally used. Such processes need to be made before 
any use of oral antimicrobial agents (antibiotics 
and antiseptics) by the patients during 2–3 last 
months. This deadline is deduced from reported 
periods of bacterial re-colonization after peri-
odontal therapy, which is estimated between 9 
and 11  weeks (Greenstein 1992; Allen et  al. 
2008). This period is necessary to sustain a 
detectable level of targeted bacteria for the fur-
ther in vitro culture. Sampling process is recom-
mended to be performed using saliva isolation 
and before any clinical measurements, especially 
probing procedure, to enhance accuracy and 
detectability in the further culture (Nguyen-Hieu 
2013).

The transport media is another issue to be 
highlighted since this Aggregatibacter species is 
commonly fastidious and needs to maintain its 
viability until laboratory handling. In this issue, 
the best procedure is to process to the culture of 
clinical samples without any delay, especially if 
the clinical institution and laboratory are too 
close. However, this closeness is not always 
available, and samples usually need some hours, 
or even days to reach laboratories. In this case, 

many transport medias were suggested such as 
phosphate-buffered saline (PBS) and Ringer’s 
solution (RS) (Piccolomini et  al. 1998), AaTM 
media (Piccolomini et  al. 1998), Reduced 
Transport Fluid (RTF) (Bollen 1999), and VMGA 
III (Dahlén et  al. 1993). Although few studies 
have focused on comparison of the effectiveness 
of those media on A. actinomycetemcomitans 
viability, it seems that AaTM, VMGA III, and 
RTF are the best media for better viability of this 
pathogen (Piccolomini et al. 1998) (Dahlén et al. 
1993; Syed and Loesche 1972). Storage condi-
tions were even less studied. However, such sur-
vival was reported to be enhanced at 8–12  °C, 
during a maximum 24 h (Piccolomini et al. 1998). 
The duration of exposition of extracted samples 
to air, before culture, needs also to be taken into 
consideration since this factor was reported to 
limit the recovery chances of this micro- organism 
in the laboratory (Paolantonio et  al. 1996). 
Serotypes a and c were shown to be more sensi-
tive to air exposition then serotype b (Piccolomini 
et al. 1998).

3.2.2.2  Isolation
The culture and isolation of A. actinomycetem-
comitans require enriched selective media using 
vancomycin or bacitracin, and needs to be incu-
bated in a 5–10% CO2 atmosphere (James 
H. Jorgensen et al. 2015). In this field, the most 
popular reported media is Dentaid-1, which was 
described for the first time by Alsina et  al. in 
2001 (Alsina et al. 2001). This media was pre-
sented as a « low-cost, non-inhibitory formula » 
for primary isolation of A. actinomycetemcomi-
tans without using blood or serum. The presence 
of vancomycin among its main components 
gives it the potential to inhibit the growth of 
other germs within the same culture. Hence, 
Dentaid-1 media was reported to be more sensi-
tive then previous medias, especially tryptic soy-
serum- bacitracin- vancomycin (TSBV) in 
detecting A. actinomycetemcomitans among 
subgingival samples (Alsina et al. 2001; Rurenga 
et al. 2013).

Macroscopically, on agar support, the colo-
nies are small (1–2 mm at 48 h), opaque, slightly 
grayish to yellowish, and characterized in the 
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first isolation by their rough and adherent surface 
with slimly irregular edges (sessile adherent 
form). This primary aspect is usually transformed 
to a smooth and non-adherent morphology with 
regular borders (planktonic form), by the loss of 
fimbriae, after multiple subcultures (Fine et  al. 
1999). This morphologic evolution during 
repeated passages in laboratory might modify 
some virulence factors of this bacteria as would 
be described furtherly in this chapter.

By microscopic examination, following gram 
stain, this bacterium shows a coccoid to rod- 
shaped form (coccobacillus) mostly arranged in 
single and pairs and rarely expressing filamen-
tous forms, and organized in small and large 
colonies.

3.2.2.3  Identification
By its isolation, the identification step is manda-
tory to confirm within the isolated germs corre-
spond to A. actinomycetemcomitans. In this issue, 
biochemical and/or molecular reactions are the 
mean tools to reach this objective. In this context, 
conventional enzymatic used tests are:

 – Catalase and oxidase activities;
 – Carbohydrate fermentation: glucose, sucrose, 

lactose, xylose, maltose; and mannitol;
 – Indole, ornithine decarboxylase and urease 

production;
 – Dependence on X and V factors.

By using the identification process above, confu-
sions occur frequently with Haemophilus spe-
cies. In this situation, the four main tests which 
could differentiate between A. actinomycetem-
comitans sp. and Haemophilus spp. are the reac-
tions for production of ornithine decarboxylase, 
indole and urease, and the dependence on X fac-
tor. In fact, A. actinomycetemcomitans is usually 
negative for those reactions while Haemophilus 
species are at least positive for one of the men-
tioned tests (James H. Jorgensen et al. 2015).

Besides the culture technique, other methods 
were suggested to identify periodontal pathogens 
such as DNA probes, PCR (Polymerase Chain 
Reaction) methods and immunofluorescence 
assay. In this context, French et al. were the firsts 

to propose DNA probes to identify A. actinomy-
cetemcomitans (French et al. 1986). This specific 
and sensitive technique involved DNA-DNA 
hybridization based on the genomic library of 
this bacterium with relatively low detectable 
level (103–104 cells). This detectability was after-
wards questioned by other authors due to the 
cross-reactivity of the whole genomic probe of A. 
actinomycetemcomitans with haemophilus spe-
cies (van Steenbergen et  al. 1996; Strzempko 
et al. 1987). Therefore more accurate assays were 
developed using PCR methods based particularly 
on genes like 16Sr DNA and leukotoxin produc-
tion genes (Kraig et al. 1990; Furcht et al. 1996). 
However, the conventional PCRs were judged to 
be a time consuming methods (two to many 
hours) and this factor was the raison to develop 
innovative rapid PCR (rPCR) techniques, which 
were reported to detect A. actinomycetemcomi-
tans within 35 minutes (Furcht et al. 1996). The 
mono-identification aspect of those molecular 
techniques has been overcome later using the 
Multiplex PCR which demonstrated promising 
results in the simultaneous detection of A. actino-
mycetemcomitans and other periodontal patho-
gens (Coffey et  al. 2016; Marin et  al. 2018; 
Lochman et al. 2019).

Immunoassays using antibodies were also 
suggested to detect A. actinomycetemcomitans. 
In fact, immunofluorescence methods were tested 
to identify this pathogen, and their sensitivity was 
correlated with the initial microbial load of this 
bacterium in periodontal pockets and gingival tis-
sue (Christersson et al. 1987). Indirect immuno-
fluorescence revealed to be a rapid and highly 
sensitive technique compared to cultures, but 
relatively expansive (Bonta et al. 1985; Listgarten 
et  al. 1995). Enzyme-linked immunosorbent 
assay (ELISA) test using antibody titers (for IgG 
and IgA) in saliva and serum was also reported to 
be a successful method for the screening of posi-
tive patients for A. actinomycetemcomitans with 
more focus on burden of antibody response 
(Gadekar et al. 2018).

Mass spectrometry tools, especially, MALDI- 
TOF (matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry) system have 
also shown a high performance to identify A. 
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actinomycetemcomitans among clinical isolates 
with a high confidence score (Couturier et  al. 
2011; Gürcan et al. 2016).

Besides the reactions above, many commer-
cial biochemical systems were suggested to 
improve rapid presumptive identification of A. 
actinomycetemcomitans with differences in sen-
sitivity. In this issue, API ZYM (bioMérieux 
Vitex) and RapID NH (Remel) systems were one 
of the firsts to be proposed and studied. In fact, 
RapID NH, failed to identify 85% of clinical iso-
lates of this bacterium (Doğan et al. 1999). The 
false reactions to proline p-nitroanilide were the 
main raison for this poor detection ability. 
Interestingly, API ZYM kit differentiated this 
pathogen from H. aphrophilus and H. 
paraphrophilus, with lack of data concerning the 
global sensitivity to A. actinomycetemcomitans 
compared to PCR (Doğan et al. 1999). Afterwards, 
more accurate kits were advocated such as, 
VITEK 2 (bioMerieux). The first study evaluat-
ing VITEK 2 showed a correct identification of A. 
actinomycetemcomitans among more then 95% 
of clinical isolates (Rennie et  al. 2008). 
Nevertheless, misidentifications have been high-
lighted when comparing VITEK 2 to MALDI- 
TOF system, which showed better performance 
for A. actinomycetemcomitans screening 
(Hussain et al. 2020; Gürcan et al. 2016).

In this identification section we can conclude 
that among all the described detection methods, 
PCRs followed by mass spectrometry methods 
and immunoassays are the most accurate and 
sensitive ones to identify A. actinomycetemcomi-
tans. Cultures, even selective ones, as well as 
commercial enzymatic systems will rather serve 
as means of presumptive identification, which 
need to be controlled by molecular methods or 
mass spectrometry techniques (Fig. 3.3).

3.2.3  Virulence

Independently of the fact that bacterial virulence 
is obviously variable among A. actinomycetem-
comitans genotypes, cumulative evidence links 
this pathogenicity to numerous virulence factors 
such as exotoxins, endotoxins, and membrane 

vesicles. Such factors might induce the onset and 
progression of periodontal disease.

3.2.3.1  Exotoxins
A. actinomycetemcomitans is the only oral bacte-
rium which produces two exotoxins: leukotoxin 
(LtxA) and Cytolethal Distending Toxin (CDT). 
LtxA Can lead to the death of macrophages, 
degranulation of neutrophils with liberation of 
matrix metallo-proteinases (MMPs) and lyso-
somes, and the activation of cytokines secretion 
by the host (Åberg et al. 2015; Belibasakis et al. 
2019; Claesson et  al. 2002; Kelk et  al. 2005, 
2008). Genetically, the production of this toxin is 
linked to the presence of correspondent operon 
which contains four encoding genes designated 
as ltxC, ltxA, ltxB and ltxD (Haubek 2010). The 
regulation of expression of those genes is under 
the control of a specific promoter region which 
the deletion of the portion 530 base pair (bp) is 
responsible of excessive secretion of this exo-
toxin among JP2 strains (Haubek 2010). This 
deletion was suggested to be more likely associ-
ated with the presence of cagE gene among JP2 
strains (Johansson et  al. 2019). Three other 
genetic modifications were also reported to be 
associated with high production of LtxA: 640 bp 
deletion among the ltx promoter, 230-bp dele-
tion, and an acquisition of 886  bp resulting in 
four highly leukotoxic genotypes (He et al. 1999; 
Claesson et  al. 2015; Claesson et  al. 2020) 
Interestingly, limited clinical isolates, recognized 
as a subgroup of serotype b (non-JP2 genotype), 
demonstrated high leukotoxicity despite the 
intact aspect of the promoter region (Höglund 
Åberg et al. 2014). This reveals that the virulence 
model of LtxA is more complicated and seems to 
be related to the large diversity of genotypes 
(Jensen et al. 2020). In addition, the growth con-
ditions such as anaerobic environment and the 
availability of adequate substrates might  influence 
the production of such toxin (Hritz et  al. 1996; 
Kolodrubetz et al. 2010).

3.2.3.2  Cytolethal Distending Toxin
Apart from LtxA, CDTs are the second toxins 
family which could be secreted by A. actinomy-
cetemcomitans. Those exotoxin proteins are 
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commonly produced by various Gram-negative 
bacteria and are known to induce DNA damages 
of host cells leading to cells cycle arrest then cells 
death (Lara-Tejero and Galán 2000). Some 
reports have even highlighted a possible implica-
tion of CDT in cancer pathogenesis (Faïs et  al. 
2016). The genotoxic activity of CDT in peri-
odontal tissues is expanded to gingival fibro-

blasts, ligament, and immune cells (Chen et  al. 
2017). In fact, CDT enhances RANKL expres-
sion among human gingival fibroblasts promot-
ing therefore osteoclasts activity and consequent 
bone resorption (Belibasakis et  al. 2005). This 
multisubunit protein is composed of three sub-
units designed as CdtA, CdtB, and CdtC. Among 
all oral bacterial species, A. actinomycetemcomi-

Fig. 3.3 From sampling to identification of A. actinomycetemcomitans: global strategy and key implements; +: posi-
tive reaction; −: negative reaction
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tans is the only one to produce such toxin by 
many of its strains. The prevalence of the gene 
encoding for this exotoxin is variable within pop-
ulations and its association with the progression 
and severity of periodontal disease is increas-
ingly evident (Höglund Åberg et  al. 2013; Faïs 
et al. 2016).

3.2.3.3  Endotoxins
Similarly to other Gram-negative bacteria, lipo-
polysaccharides (LPS) are the main endotoxins 
related to A. actinomycetemcomitans. LPS activ-
ity targets immune, gingival and epithelial cells 
as well as osteoblasts and dendritic cells (Suga 
et al. 2013) (Naqvi et al. 2014; Sosroseno et al. 
2009; Díaz-Zúñiga et al. 2014). Such toxin, may 
induce a high production of inflammatory media-
tors like IL-6, IL-8, IL-12 and TNF-α, and engen-
der alveolar bone destruction (Díaz-Zúñiga et al. 
2014; Gualtero et al. 2019; Ridwan et al. 2018). 
Interestingly, the extent of activating the release 
of those cytokines seems to be related to A. acti-
nomycetemcomitans serotypes. In fact, LPS orig-
inated from serotype b resulted in a higher 
production of IL-12 and TNF-α by dendritic cells 
(Díaz-Zúñiga et al. 2014).

3.2.3.4  Cytokine-Binding Molecules 
and Outer Membrane Vesicles

Cytokines are ones of many inflammatory media-
tors released in the context of host immune 
response. During this reaction, A. actinomy-
cetemcomitans is reported to be up to bind many 
cytokines and internalize them (Ahlstrand et al. 
2017). Many outer membrane proteins are impli-
cated in this process including interleukin-1β- 
binding protein and secretin HofQ (Paino et  al. 
2012; Ahlstrand et al. 2018). Bacterial membrane 
harbours also, like all Gram negative, outer mem-
brane vesicles (OMVs), which participate in A. 
actinomycetemcomitans virulence. Firstly, those 
vesicles serve as a delivery tool by exporting tox-
ins to host tissues and excreting bacterial RNAs 
that infect host cells and promote TNF-α produc-
tion in macrophages. Immune invasion might be 
facilitated by such vesicles, which internalize 
into host cells and altering their functions (Han 
et  al. 2019; O’Donoghue and Krachler 2016). 

Serum resistance, a characteristic that allows 
bacteria to cause bacteremia, is another trait that 
outer membrane vesicles promote in A. actino-
mycetemcomitans invasiveness. In fact, it has 
been shown that OMVs can initiate complement 
activation and reinforce A. actinomycetemcomi-
tans serum resistance. Moreover, outer mem-
brane proteins such as OmpA1 and OmpA2 were 
shown to be critical for the survival of this specie 
in human serum (Lindholm et al. 2020).

The virulence ability of A. actinomycetem-
comitans strains might be subject of modification 
during laboratory handling (Fine et al. 2020). In 
fact, the usual rough aspect of clinical isolates 
after primary isolated cultures is rapidly lost after 
repeated subcultures reducing therefore the 
adherence to saliva-coated hydroxyapatite. In 
addition, the transformed strains – with smooth 
trait – demonstrated a reduced fibroblast protein-
ase and endotoxin activity then fresh isolates 
(Fine et al. 1999). The restricted data in this issue 
limits the consideration for any practical imple-
mentation but could represent a possible bias for 
the assessment of microbial behaviour toward 
antimicrobials, and more experiments are needed 
to assess the impact of such trait transformation 
on trials findings in the regard of this bacterium.

3.2.3.5  Impact of A. 
actinomycetemcomitans 
Infection on the Onset 
and Progression of Periodontal 
Disease

The role of A. actinomycetemcomitans in the 
onset of periodontal disease has been discussed 
more then three decades ago especially for the 
highly leucotoxic strains. In fact, JP2 strains were 
reported to be harboured by too young individu-
als (mean age 12.7 years) expressing what was 
classified as localized juvenile periodontitis 
(LJP) and later as localized aggressive periodon-
titis (LAgP) (Zambon et al. 1996). A. actinomy-
cetemcomitans was also pointed to be involved in 
the pathogenesis of the generalized form of “pre-
pubertal periodontitis” (López 1992). In addition, 
many authors reported continuous attachment 
loss in periodontal sites which harboured this 
pathogen and linked therefore the progression of 
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LJP to A. actinomycetemcomitans infection (Kim 
et  al. 1992). Recent findings indicate that peri-
odontium of incisors and first molars expresses 
rapid onset and progression in the context of 
LAgP among adolescents and young adults from 
African descent while rapid recovery and lack of 
disease progression have been reported from 
treated and long-term maintained cases of LAgP 
(Fine et al. 2019; Miller et al. 2017). Otherwise, 
A. actinomycetemcomitans infection might inter-
act with other risk factors of disease progression 
such as age, ethnic origin, calculus, general con-
ditions and existing deep pockets resulting 
thereby in additional tissue damages (Van Dyke 
and Sheilesh 2005). The co-infection by A. acti-
nomycetemcomitans, Porphyromonas gingivalis 
and Prevotella intermedia and the presence of 
bleeding on probing were also evoked in retro-
spective studies since decades as predictors of 
initiation and progression of periodontal disease 
(Slots et al. 1986; Rodenburg et al. 1990). Thus, 
progression mechanisms are rather complex and 
there are no firm conclusions for any unique or 
decisive role of A. actinomycetemcomitans in 
disease activity despite the strong evidence of the 
role of this microorganism as important part 
among a large bacterial consortium linked to 
destructive forms of periodontal diseases (Miller 
et al. 2017). Therefore, the cumulative evidence 
links the disease progression to a multifactorial 
process involving the interaction of periodontal 
microflora and host factors. Interestingly, the 
silent initiation and rapid progression of aggres-
sive forms of periodontitis involve an emphasis 
on prematurely diagnostic and close follow-up to 
reverse disease activity.

3.2.4  Issues in Antimicrobial 
Susceptibility

In the light of the multifactorial virulence of A. 
actinomycetemcomitans as described above, and 
its ability to invade periodontal tissues indepen-
dently of providing conventional mechanical 
periodontal treatment, many consensus reports 
focused on the interest of adjuncting antimicrobi-
als to the mechanical therapy in periodontal dis-

eases involving this pathogen (Sanz and Teughels 
2008; Lang et al. 2015; Pretzl et al. 2019). In fact, 
several molecules and formulation have been 
tested as local or systemic application or combi-
nation of both of them to target this pathogen. 
Systemic formulations used firstly, tetracycline 
as adjunct to nonsurgical periodontal therapy 
(Genco 1981), while most topical applications 
were based on minocycline, tetracycline or doxy-
cycline (Baker et al. 1985). The further resistance 
emergence of A. actinomycetemcomitans to tetra-
cycline, metronidazole and amoxicillin in many 
cohorts – due among others to the lack of antibi-
otic stewardships – focused the interest of the use 
of other formulations such as, amoxicillin + met-
ronidazole, amoxicillin/clavulanic acid and more 
recently cephalosporins and fluoroquinolones 
especially ciprofloxacin, moxifloxacin, cefotax-
ime and ceftriaxone which induced, in some tri-
als, 100% growth inhibition (Akrivopoulou et al. 
2017; Madinier et al. 1999; Dabija-Wolter et al. 
2018; Bhat et  al. 2019). Thereby, it should be 
stated that there is no current evidence which 
supports a consensual antimicrobial strategy 
toward this specie. This is particularly due to the 
fact that antimicrobial susceptibility profile of 
this pathogen is as dependant to geographic 
localization and microbial diversity as other bac-
terial species around the world (Brook et  al. 
2013). Current Efforts are focusing on enlarging 
antimicrobial solutions by testing many common 
antibiotics usually used for other infectious dis-
eases (Dabija-Wolter et  al. 2018; Bhat et  al. 
2019). Furthermore, trials on antimicrobial ben-
efits of natural products such as essential oils and 
bee products reveal interestingly promising 
results in this context (Akkaoui et al. 2020; Hbibi 
et al. 2020). In other respects, there is an increas-
ing need to identify genes and factors involved in 
the spread of resistant strains of A. actinomy-
cetemcomitans in each population. In this field, a 
unique report highlighted that antibiotics might 
paradoxically induce this bacterium to form a 
biofilm and disclosed genetic fitness and resis-
tance determinants using a laboratory and clini-
cal strains in American context (Narayanan et al. 
2017). This limited finding should not be extrap-
olated to all A. actinomycetemcomitans strains 
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and more similar works are required to define 
resistance factors and aspects in the regard of 
antimicrobial use. In a Swiss sample, remarkable 
stability of antibiosusceptibility of A. actinomy-
cetemcomitans was noticed with constancy 
among MIC values of azithromycin, amoxicillin, 
amoxicillin/clavulanic acid, ertapenem, moxi-
floxacin, doxycycline, clindamycin, and metroni-
dazole over 37  years (1980–2017) (Kulik et  al. 
2019). In the same report, many Porphyromonas 
gingivalis strains have developed resistances fol-
lowing mutation among certain genes (ermF and 
gyrA). Such resistance interested mainly moxi-
floxacin. This particular study confirms the pos-
sible occurrence of changes of bacterial behaviour 
toward antibiotics even if they belong to quite 
recent drug generations like moxifloxacin (third 
generation of quinolones). Overall, such stability 
of microbial susceptibility of A. actinomycetem-
comitans and other oral pathogens in Switzerland 
was related to the limited and cautious use of 
antimicrobials by local care providers. This 
restrictive prescription approach should be a 
model to apply in daily periodontal practice.

3.3  Advances in Therapy 
and Prevention

3.3.1  Microbiological Diagnostic: Is 
It Useful for Patients?

The interest of microbial diagnosis and follow-up 
for periodontal patients has been widely dis-
cussed among the literature. In fact, the screening 
of periopathogens has been proposed for decades 
as a diagnostic tool adjunctively to clinical and 
radiographic examination (Socransky et al. 1999; 
D’Ercole et al. 2008). However, the multimicro-
bial aspect of microflora associated with peri-
odontal diseases make the interest of such tool 
questionable since no specific specie could be a 
synonymous of any clinical form of the disease 
(Belstrøm et al. 2017). Moreover, fastidious bac-
teria like A. actinomycetemcomitans are hardly 
cultivable, and their detection in culture could not 
be a reliable indicator of disease activity since 
this aspect is linked to more complex factors, and 

even healthy subjects might harbor this germ. 
Otherwise, the ultimate objective to cultivate this 
specie is to explore its antibiotic sensitivity in 
order to guide therapeutic choices and enhance 
clinical outcomes, while this goal is challenged 
by the fact that bacterial response to antimicrobi-
als could be different depending on whether this 
germ is organized or not in biofilm (Socransky 
and Haffajee 2002).

It is worthy of note that the earlier classifica-
tion of periodontal diseases of 1999 highlighted 
the interest of microbial diagnosis as a secondary 
feature – after clinical and radiographic investi-
gation – to point a possible elevated proportion of 
A. actinomycetemcomitans as a sign of « aggres-
sive periodontitis » (Armitage 2004). Whereas 
the last classification of periodontal and peri- 
implant conditions of 2017 has delinked the pres-
ence of this bacteria with any form of periodontitis 
based on recent microbiological findings 
(Papapanou et al. 2018). However, it is obvious 
that the absence of A. actinomycetemcomitans in 
periodontal sites complementary to the absence 
of attachment loss and bleeding of probing would 
be an indicator of periodontal health. Likewise, a 
recurrent bleeding on probing and continuous 
attachment loss in specific sites after conven-
tional therapy or during periodontal maintenance 
could reasonably justify microbial screening for 
A. actinomycetemcomitans as for other major 
periodontopathogens with keeping in mind that 
such unresponsiveness to conventional therapy 
might be attributed to the virulence of other 
microbial components of biofilm and host related 
factors.

3.3.2  Therapeutic Targeting 
and Prevention Strategies

In the light of the pre-cited considerations, an 
individual approach might be more accurate to 
take advantage of microbial screening. Firstly, 
such implement needs to be performed after 
comprehensive analysis of periodontal parame-
ters, host factors and epidemiologic context. The 
presence of attachment loss and severe periodon-
tal lesions in patients from African descent might 
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suggest an infection by JP2 clone. Similarly, 
advanced forms of periodontitis in Chinese con-
text could presume infection by many periopatho-
gens other then A. actinomycetemcomitans since 
this specie was found to be commensal in this 
population (Goh and Ong 2019).

The inclusion of microbial diagnosis in daily 
periodontal practice requires the selection of 
practical chair-side microbial tools and reduced 
time-consuming implements in the laboratory. 
Preliminary microscopic assessment of dental 
plaque in office would be interesting but does not 
allow antimicrobial susceptibility testing. DNA 
probes could be performed easily by clinician 
and might offer higher sensitivity and lower 
threshold detection then culture (Al Yahfoufi 
et  al. 2015) but have as disadvantage a cross- 
reactivity with haemophilus spp (van Steenbergen 
et al. 1996). Immuno-assays are also highly sen-
sitive in A. actinomycetemcomitans screening, 
but the need of monoclonal antibodies limits their 
effectiveness (D’Ercole et al. 2008). PCR, rPCR 
and Multiplex PCR testing are highly effective 
alternatives but need specific training and well- 
developed technical platform. Such technics 
might be evenly useful in detecting resistance 
genes and could be beneficial in the monitoring 
of antibiosusceptibility during maintenance ther-
apy. In fact, the chronic and recurrent aspect of 
periodontal infection prompts clinicians to moni-
tor the presence of pathogens like A. actinomy-
cetemcomitans among intermittent bleeding 
periodontal pockets during supportive periodon-
tal therapy in order to orientate the antimicrobial 
strategy and target appropriate antibiotic pre-
scription. This microbial screening and monitor-
ing is justified by the fact that the presence or 
absence of some pathogens has been considered 
as a marker of the onset, progression and/or sta-
bility of the infection (Suchett-Kaye et al. 2001). 
Actually, consistent evidence supports the role of 
JP2 clone in the early onset and severity of 
aggressive forms of periodontitis (Haubek et al. 
2001; Haubek et  al. 2002; Jensen et  al. 2016). 
The significant association between this clone 
and attachment loss in adolescents and adults of 
African decent evokes the possible consideration 
of JP2 clone as a risk factor or risk indicator of 

“aggressive periodontitis”. Such consideration 
involves the interest of including the screening of 
this specie in the preventive approach among at- 
risk populations and subjects. In this context, 
microbiological follow-up of A. actinomycetem-
comitans status among patients has been raised 
as a part of predictive markers to be used in the 
preventive strategy to control general conditions 
such as rheumatoid arthritis (Cheng et al. 2017).

Anti-virulence strategies are currently under 
investigation to limit and reduce tissue damages 
induced by virulence factors of A. actinomy-
cetemcomitans. Those innovative paths include 
anti-LtxA approach and preventing internaliza-
tion of LtxA in immune cells (Krueger and 
Brown 2020; Webb et al. 2016). Such strategies 
are based on the interaction between LtxA, cho-
lesterol – as lipid of cell membrane – and lym-
phocyte function-associated antigen-1 (LFA-1) 
(Krueger and Brown 2020). In fact, a membrane- 
permeable nuclear stain called DRAQ5™ – orig-
inally developed as anti-cancer molecule  – has 
been reported to inhibit LtxA internalization but 
not association among Jurkat T cell line by inter-
fering with cholesterol membrane decreasing 
therefore LtxA binding to cells (Webb et  al. 
2016). The main challenge with DRAQ5™ is its 
reported cardiotoxicity which limited its use as 
anti-cancer agent. However, its application as 
therapeutic molecule in periodontology remains 
promising since the dosage in periodontal use 
would be broadly lower then in cancerology. 
Otherwise, CD11a-based peptides have shown 
unneglectable potential to block LFA-1 receptor 
disrupting therefore the LtxA binding process 
(Krueger and Brown 2020).

The inhibition of LtxA association to host 
cells was suggested to be equally possible by 
using some polyphenols derived from fruits and 
vegetables, such as catechins, which were found 
to inhibit LtxA binding by altering its structure 
that leads to the inability of this protein to bind to 
membrane’s cholesterol (Chang et  al. 2019, 
2020). Extracts of Psidium guajava have shown 
similar action to neutralize LtxA activity regard-
ing host cells as well as inactivating the pro- 
inflammatory response of human immune cells 
(Kwamin et al. 2012).
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The latest reported anti-Ltxa strategy is focus-
ing on disruption of Ltxa gene expression among 
highly leucotoxic A. actinomycetemcomitans 
strains. This field interests the use of cranberry 
proanthocyanidins (PACs) to attenuate the expres-
sion of ltxB and ltxC genes as well as the P2X7 
receptor and NALP3 related genes which are 
involved in cell death (Ben Lagha et al. 2019; Kelk 
et al. 2011). Interestingly, the significant ability of 
LtxA to induce cell death has inspired researchers 
to develop an anti-cancer LtxA-based agent 
(Leukothera®) to overcome hematological malig-
nancies since this toxin might initiate the degen-
erative cycle of cancerous cells (Vega et al. 2019).

3.4  Conclusions

In the view of the above, it can be stated that A. 
actinomycetemcomitans plays substantial role, in 
conjunction with other pathogens, in the onset, 
progression and severity of periodontal disease 
among several populations. Its screening in dis-
eased patients – in addition to clinical and radio-
graphic examination in the pre-cited specific 
situations – would facilitate an accurate diagno-
sis and bacteriology-driven periodontal treatment 
in the respect of the ecologic and epidemiologic 
contexts and avoid random prescription of anti-
microbials. However, many critical issues require 
specific attention. Firstly, the culture and isola-
tion techniques of this fastidious germ need addi-
tional development in order to improve its 
detection using simplified and efficient chair-side 
implements. PCR tests  – as the most current 
accurate tools  – are not fully adapted for at-in 
office use and their threshold detection level is 
still non-consensual since these techniques might 
detect even dead and non clinically significant 
bacterium number which would be amplified fol-
lowing PCR procedure leading therefore to a pos-
sible overestimation of the clinical context. 
Thirdly, conclusions related to microbiological 
tests are linked to the microbial status of sampled 
sites and their extrapolation to the global peri-
odontal context remains questionable. Current 
research axes are focusing on the selection of 
suitable antimicrobials and on anti-Ltxa 

approaches. Better-designed investigations are 
needed to enlarge anti-virulence possibilities 
since Ltxa is one among many virulence factors 
of A. actinomycetemcomitans. The main chal-
lenge to all these promising solutions is the eradi-
cation of this pathogen with evasion to any form 
of re-colonization.
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Abstract

Recently, we have published a scoping review 
on the oral archaeome, showing that these 
microorganisms inhabit various oral niches, 
including periodontal sites. In order to rein-
force the importance of the Archaea 
domain  and alert the scientific community 
about the importance of inter-domain relation-
ships in oral dysbiosis, we have performed 
meta-analyses evaluating the prevalence of 
archaea in periodontal diseases (PROSPERO 
protocol: CRD42020213109). A systematic 
search in the literature was conducted in sev-
eral databases and in grey literature, retrieving 
30 reports on periodontal archaeome, pub-
lished from 1980 to 2020. The methodological 
quality of included studies and the certainty of 
evidence were evaluated by using validated 
tools. Most studies focused on the detection of 
methanogens, revealing that the diversity of 

the periodontal archaeome is currently under-
estimated. Two meta-analyses concluded that 
individuals with periodontitis are prone to 
have archaeal-positive subgingival biofilms 
when compared to periodontally healthy indi-
viduals (OR 6.68, 95% CI 4.74–9.41 for 16S 
rRNA gene analysis and OR 9.42, 95% CI 
2.54–34.91 for mcrA gene analysis). Despite 
the archaeal enrichment in sites with peri-
odontitis, less than half of the individuals with 
periodontitis tested positive for archaeal DNA 
(general estimative of 46%; 95% CI 36–56%). 
Conventional treatment for periodontitis 
reduced the archaeal population, but systemic 
antibiotics used as adjunctive therapy did not 
increase its effectiveness. Hence, it could con-
ceivably be hypothesised that archaea are sec-
ondary colonizers of areas with dysbiosis, 
probably flourishing in the inflammatory envi-
ronment. Due to their lower prevalence, 
archaeal cells are probably underestimated by 
the current detection protocols. It may also be 
speculated that archaea do not have a single 
central role in the infection, with bacterial 
cells directly involved in that role. New stud-
ies are necessary, with different methodologi-
cal approaches, to explore the underestimated 
diversity of the oral archaeome.
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4.1  Introduction

Over the past few years, a putative contribution 
of Archaea in periodontal disorders has been sug-
gested, even though these microorganisms were 
shown to represent a small fraction of the total 
prokaryotic load in oral samples (Horz and 
Conrads 2011). The proposal of the Archaea 
domain is relatively recent and was based on the 
unique phylogenetic, structural, physiological, 
and molecular features of these prokaryotes, 
which clearly distinguish them from bacteria 
(Woese and Fox 1977).

Although initially associated to inhospitable 
habitats, since the first recognized Archaea mem-
bers mostly thrived in extremely hot, salty, or 
acidic conditions (Woese and Fox 1977; Magrum 
et  al. 1978), the increased use of culture- 
independent methods, particularly the detection 
of markers genes such as the 16S rDNA directly 
from environmental and clinical samples, 
revealed the ubiquity of these organisms (DeLong 
1998). The presence of Archaea in the human 
microbiome has been increasingly reported, with 
members already detected in gastrointestinal and 
respiratory tracts, skin, and oral cavity samples 
(Matarazzo et  al. 2012; Koskinen et  al. 2017; 
Moissl-Eichinger et al. 2017; Wagner Mackenzie 
et al. 2020).

Highlights

• Most studies of the periodontal 
archaeome focused on the detection of 
methanogens, resulting in an underesti-
mation of the periodontal archaeome 
diversity

• Meta-analysis showed a positive asso-
ciation between periodontal disease and 
the presence of archaea

• 46% of the individuals with periodonti-
tis tested positive for archaeal DNA, 
although this estimative should be 
underestimated and highly impacted by 
the methodological limitations for iden-
tifying archaea

the literature, and performed meta- 
analyses. It could be hypothesized that 
archaea may act as secondary pathogens in 
areas in dysbiosis and be favoured in the 
inflammatory environment. Their higher 
detection in different pathological condi-
tions, when compared to healthy sites sug-
gests a putative inter-domain interaction 
between different archaeal and bacterial 
species. More studies, employing method-
ological approaches directed to a broader 
archaeal diversity detection are necessary 
to confirm the role of archaeal cells on the 
periodontal archaeome.

Considerations for Practice

• Archaea are prevalent in periodontitis 
and their role in periodontitis develop-
ment and progression is still lacking

• Adjunctive therapy with systemic anti-
biotics may not reduce  archaeal load 
after periodontal therapy

• More studies employing methodologi-
cal approaches directed to a broader 
archaeal diversity detection are neces-
sary to confirm the role of archaeal cells 
on the periodontal archaeome

Patient Summary

The presence of archaea in human sites was 
recognized in the beginning of the 20th 
century. At that time, it was believed that 
methanogens colonized only the human 
gastrointestinal tract, but later it was dem-
onstrated that these archaea are also found 
on the oral cavity. Later, other archaeal 
phyla were also detected on humans. In this 
review we gathered all available data from 
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Archaea were first identified in the human oral 
cavity in 1987, through the enrichment of metha-
nogens from subgingival plaque samples (Brusa 
et al. 1987). Since then, the knowledge about the 
oral archaeome has been significantly expanded. 
A scoping review recently published by our 
group revealed that Archaea members have been 
described on various oral niches, including saliva, 
different portions of the tongue, periodontal and 
endodontic sites (Belmok et  al. 2020). 
Furthermore, the putative involvement of archaea 
in oral diseases, especially periodontitis, is being 
increasingly pointed out, with studies suggesting 
that, although these organisms are part of the 
indigenous oral microbiota, their abundance rises 
along with the increase of periodontitis severity 
(Li et  al. 2014; Grine et  al. 2018; Gohler et  al. 
2018; Belmok et al. 2020).

The contribution of archaea to periodontal 
dysbiosis may be related to their ability to pro-
vide conditions for the growth of pathogenic bac-
teria in subgingival sites (Lepp et  al. 2004). 
Methanogens are the most representative archaeal 
group in periodontal samples, where they may 
play a central role in the removal of hydrogen 
excess from different electron donors, such as 
methanol, methylamine, acetate, ethanol or for-
mate. Methanogens metabolize the H2 generated 
during the fermentation of carbohydrates in 
methane gas, raising the local pH and rendering 
the microenvironment favourable to the anaero-
bic subgingival bacterial population, including 
opportunistic pathogens. This kind of event rep-
resents a classical syntrophic behaviour, with 
cross-feeding among prokaryotic species within 
the anaerobic microniches in a mature biofilm 
(Horz and Conrads 2010). Thus, it can be hypoth-
esized that the increase in methanogenic activity 
leads to a reduction in the availability/concentra-
tion of acidic products, acting as “acid sinks”, 
and consequently help the homeostasis mainte-
nance for non-aciduric organisms growth, also 
allowing the enrichment of the proteolytic organ-
isms (Matarazzo et al. 2011).

Due to this environmental change mediated by 
inter-domain interactions, some methanogenic 
species have been considered putative keystone 
pathogens of periodontal diseases (Vianna et al. 

2009; Matarazzo et  al. 2012). However, even 
though the role of methanogens in oral health is 
becoming increasingly clear, recent molecular 
findings suggest that the diversity of archaea 
inhabiting human oral sites may be currently 
underestimated. DNA sequences affiliated to the 
non-methanogenic class Thermoplasmata have 
been detected in patients with different stages of 
periodontitis (Li et al. 2009; Horz et al. 2012; Li 
et al. 2014). Moreover, metatranscriptomic anal-
yses performed in periodontal pocket samples 
from individuals with chronic periodontitis and 
periodontally healthy subjects revealed that only 
five out of ten archaeal reads were classified in 
methanogenic groups, with transcripts associated 
to non-methanogenic Euryarchaeota, and 
ammonia- oxidizing Thaumarchaeota taxa (Deng 
et  al. 2017). Recently, 16S rDNA sequences of 
ammonia-oxidizing thaumarchaeal groups have 
also been identified in both supragingival and 
carious biofilms (Dame-Teixeira et al. 2020).

Understanding the context of archaea within 
oral biofilms and how their presence could modu-
late oral conditions is imperative. Although oral 
archaeome is an increasingly discussed research 
topic, to date no consensus regarding their role in 
oral diseases has been reached (Belmok et  al. 
2020). To shed some light on the periodontal 
archaeome comprehension, we performed meta- 
analyses on the prevalence of these organisms in 
periodontitis sites comparing it with healthy 
sites, as well as after periodontitis treatments. 
Some hypotheses on the role of archaeal species 
that comprise the periodontal archaeome were 
also discussed.

4.2  Results

4.2.1  Narrative Synthesis 
and the Quality Assessment 
of Individual Studies

The inclusion of other databases revealed three 
new studies, resulting in a total of 30 studies that 
were used in the meta-analyses of the periodontal 
archaeome (28 cross-sectional; 2 randomized 
clinical trials). Those studies comprised 1312 

4 Meta-analyses on the Periodontal Archaeome
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individuals with periodontitis, and 441 periodon-
tally healthy individuals sampled for archaeal 
detection.

Table 4.1 shows the results of the quality 
assessment of individual studies, type and method 
of sample collection, and DNA extraction method 

Author, year

Quality 
assessment 
of individual 
studies

Type of sample (sample collection method) DNA extraction method

Aleksandrowicz, 

2020
+ Subgingival biofilm samples (curettes) Genomic Mini kit (A&A Biotechnology)

Ashok, 2013 + Subgingival biofilm samples: periodontitis (curette); healthy controls = 

gingival crevices.

Chemical lysis with Tween 20, Nonidet and 

proteinase K protocol.

Belay, 1988 - Subgingival plaque (curette). NA

Bringuier, 2013 + Subgingival plaque from 3- to 12-mm periodontal pockets.

FastPrep-24 incubation with acid-washed beads,  

followed by extraction with Qiagen EZ1 DNA 

tissue kit (Qiagen, France).

Brusa, 1987 + Pool of subgingival plaque from gingival crevice (curettes).

NA
Brusa, 1993 - Dental biofilm pools from pockets 3 to 7 mm deep, one in each quadrant 

(curettes).

Dabdoub, 2016 +
Healthy subjects = pools from 15 mesial sites on teeth (paper-points). 

Periodontitis = pools of subgingival plaque from four nonadjacent 

proximal sites were collected using 15 paper points.

Qiagen DNA MiniAmp kit (Qiagen, Valencia, 

CA, USA)

Deng, 2017 - Several sites (two paper points per site). According to Szafranski (2015).

Fermiano, 2011 ++ Periodontitis = subgingival biofilm from 9 interproximal sites (curette); 

Healthy = 9 sites (curette).
Manual extraction.

Ferrari, 1994 - Subgingival samples (curettes), according to Socransky et al. NA

Göhler, 2014 ++ Tongue biofilm from the middle third of the tongue dorsum with a sterile 

spatula.

MagNA Pure LC platform.

Göhler, 2018 ++

Tongue biofilm from the middle third of the tongue dorsum with a sterile 

spatula; Subgingival plaque from the mesiobuccal pocket of the most 

distally located, clinically examined, upper tooth in the periodontally 

examined quadrants (paper points were inserted until the pocket base for 

10 seconds).

Horz, 2012 - Pool of subgingival plaque from the four deepest periodontal pockets 

(paper points). QIAamp DNA Mini kit (“tissue protocol”, 

Qiagen, Germany).
Horz, 2015 - According to Horz (2012).

Huynh, 2015a + NA
FastPrep-24 incubation with acid-washed beads, 

followed by extraction with Qiagen EZ1 DNA 

tissue kit (Qiagen, France).

Huynh, 2015b + Subgingival dental plaque = all periodontal pockets (curette).

NA
Huynh, 2017 ++ Subgingival dental plaque = all periodontal pockets (curette).

Kulik, 2001 + Pool of plaque samples.

Phenol-chlorophorm.

Lepp, 2004 + Subgingival plaque samples from 6–12 periodontal pockets (curettes).

Li, 2009 + Subgingival samples from periodontal pockets with a probing depth >4 

mm (curettes).

Genomic DNA Extraction Kit (Tiangen, Beijing, 

China).
Li, 2014 + Subgingival plaque sample from the bottom of the deepest pocket 

(curette).

Lira, 2013 ++; ** Subgingival plaque (curettes).

Matarazzo, 2011 + Subgingival samples (curette), after removing supragingival biofilm. Qiamp DNA minikit (Qiagen, Germany).

Ramiro, 2018 ++; **
Subgingival plaque (curettes) collected after supragingival plaque removal 

-- baseline and at 6 months post-SRP from 6 non-contiguous 

interproximal sites per subject.

Masterpure RNA & DNA purification kit 

(Epicentre).

Robichaux, 

2003a
-

Subgingival plaque from interproximal sites with pocket depths of 1-4 

mm, after a removal of all supragingival plaque and isolation with cotton 

wool (curette).

NA

Robichaux, 

2003b
- Tissue samples (curette). NA

Sogodogo, 2019 + Subgingival plaque samples (curettes). Swabs from the abscesses. Tissue DNA Kit.

Vianna, 2008 ++
Pools of subgingival plaque samples from the four deepest periodontal 

pockets (paper points). Healthy subjects = pools of plaque from vestibular 

sulcus of first molars from all quadrants (paper points).

Qiamp DNA Mini kit (with modifications: 

addition of zirconia-silica beads and FastPrep 

before proteinase K).

Vianna, 2009 + Pools of subgingival plaque from the four

deepest periodontal pockets (paper points).
Qiamp DNA minikit (Qiagen, Germany).

Yamabe, 2008 + Plaque samples from the periodontal pockets (paper points). InstaGene Matrix (Bio-Rad).

(-) low quality of individual study; (+) moderate quality; (++): high quality; (**) RCT studies analyzed with RoB 2 

Table 4.1 The quality of individual study, sampling, and DNA extraction method of the periodontal archaeome stud-
ies (NA not available)
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of the selected reports. Low methodological 
approaches were detected in seven studies. 
However, eight were classified with a high qual-
ity and fifteen with a moderate quality.

In most studies, samples of subgingival bio-
films were collected using sterile curettes, while 
in others the crevicular fluid was collected using 
endodontic paper points, corresponding to pooled 
or specific sites samples. Unquestionably, this 
approach may not represent the actual microbial 
content, as this sampling technique collects 
mainly the fluids surrounding the biofilm, while 
scraping the subgingival biofilm with a curette 
displaces the sticky biofilm from both, the peri-
odontal pocket and the tooth. Since several 
microbial species, mostly the anaerobic ones, 
grow inside the biofilm, the paper point sampling 
method will retrieve preferentially the organisms 
present in the biofilm surface, leaving behind 
important members of the subgingival 
microbiome.

Various DNA extraction kits and protocols 
were employed in the different studies. The use 
of commercial kits is considered a faster and eas-
ier alternative when high quality nucleic acids are 
desired, especially when samples containing a 
low number of organisms are processed (Ghavami 
et al. 2015). It is worth mentioning that this step 
may hamper the analyses of archaeal DNA 
(Pausan et al. 2019; Mahnert et al. 2018), since 
the current DNA extraction protocols have been 
established and optimized for bacterial cells, and 
do not consider the peculiarities of the archaeal 
cell wall (Bang and Schmitz 2015). Therefore, a 
more realistic view of the diversity and quantity 
of archaea associated with the human microbi-
ome would greatly benefit from improvements 
and standardizations of archaeal nucleic acids 
extraction methods.

In this review, only one study (Aleksandrowicz 
et  al. 2020) adopted the current classification 
established by the American Academy of 
Periodontology and the European Federation of 
Periodontology in 2018, which proposes a multi- 
dimensional periodontitis staging and grading 
system (Papapanou et al. 2018). It is important to 
point out that most of the included studies were 
performed from 1999 to 2018, and adopted the 

classification proposed by Armitage (Armitage 
1999) that assessed, at the time, two different 
conditions: chronic (Ashok et al. 2013; Bringuier 
et  al. 2013; Dabdoub et  al. 2016; Deng et  al. 
2017; Fermiano et  al. 2011; Horz and Conrads 
2010; Horz et al. 2012; Horz et al. 2015; Huynh 
et  al. 2015a, 2017; Lepp et  al. 2004; Li et  al. 
2009; Li et al. 2014; Ramiro et al. 2018; Sogodogo 
et  al. 2019; Vianna et  al. 2008, 2009; Yamabe 
et  al. 2008) and aggressive periodontitis 
(Fermiano et al. 2011; Lira et al. 2013; Matarazzo 
et  al. 2011; Yamabe et  al. 2008). New insights 
about these conditions have proposed to be part 
of the same disease group. This is justified, 
among other factors, by the common end result 
presented from a pathophysiologic point of view 
and the similar metabolic end-products stemming 
from microbial complex (Fine et  al. 2018). On 
this basis, this review coupled those results in the 
meta-analyses regardless the periodontitis classi-
fication (shown below). Besides, another study 
followed the classification proposed by the World 
Workshop in Clinical Periodontics in 1989 (AAP 
1989) and classified the participants as juvenile, 
adult, rapidly progressing and refractory peri-
odontitis (Kulik et  al. 2001), conditions which 
were not differentiated in this study as well. 
Lastly, a glossary from American Dental 
Association (AAP 1977) was referred as the cri-
teria for diagnosis in three studies (Belay et  al. 
1988; Robichaux et al. 2003a, b) (Table 4.2).

The first studies describing the detection of 
methanogenic archaea in periodontal sites 
employed culture-based methods. Afterwards, 
culture-independent studies based on PCR 
employed several pairs of primers directed to the 
archaeal 16S rRNA genes, as well as primers tar-
geting other specific housekeeping genes, such as 
mcrA (Methyl-Coenzyme M reductase, found in 
methanogens) and cnp60 (heat shock chaperone 
60) from Methanobrevibacter oralis have become 
more frequent. Recurrently, more than one target 
gene was used to assess the archaeal diversity in 
the same sample. Also, other approaches, such as 
fluorescence in situ hybridization (FISH), real- 
time quantitative PCR (RT-qPCR), and less fre-
quently, metagenomics and metatranscriptomics, 
were used to estimate the proportion of archaeal- 

4 Meta-analyses on the Periodontal Archaeome
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Table 4.2 Periodontal diseases classification across the 
selected studies (n = 30)

Author, year Periodontitis classification
Aleksandrowicz 
et al. (2020)

New Classification of the 
American Academy of 
Periodontology.

Huynh et al. 
(2015a), Lira 
et al. (2013) and 
Ramiro et al. 
(2018)

American Academy of 
Periodontology.

Ashok et al. 
(2013)

Healthy sites: sulcus (PD ≤ 
3 mm), shallow pocket (4 mm ≤ 
PD ≤ 5 mm) and deep pocket (PD 
≥ 6 mm).

Belay et al. 
(1988), 
Robichaux et al. 
(2003a) and 
Robichaux et al. 
(2003b)

According to the criteria of the 
American Dental Association.

Bringuier et al. 
(2013)

Chandra (2007), using BOP, PD, 
plaque index, and radiographs.

Brusa (1987) According to Socransky et al. 
(1963).

Dabdoub et al. 
(2016)

Attachment loss ≥5, PD ≥5, 
gingival index > 1 in 30% or more 
sites.

Deng et al. 
(2017)

According to Szafranski et al. 
(2015).

Fermiano et al. 
(2011)

PCrG Group: have at least 20 
teeth, excluding third molars, 30% 
of the sites with PS and NCI ≥ 
5mm and age ≥ 30 yearsPAgG 
Group: have at least 20 teeth, 
excluding third molars, have at 
least 6 teeth with at least 1 
interproximal site presenting 
non-contiguous PD and NCI ≥ 
5mm, located in the region of 
incisors and molars and another 6 
teeth with the same clinical 
characteristics located in other 
groups of teeth and age <30 
yearsSP Group: have at least 20 
teeth, excluding third molars; not 
presenting sites with OS and / or 
NCI ≥ 4mm; no clinical signs of 
generalized gingivitis. Do not 
present more than 10% of the sites 
with BOP and age ≥ 18 years.

Göhler et al. 
(2014)

Mean clinical attachment levels 
and mean probing depths ranged 
within the highest quartile 
calculated separately within sex 
and 5-year-age categories.

(continued)

Table 4.2 (continued)

Author, year Periodontitis classification
Göhler et al. 
(2018)

PD and clinical attachment levels 
= four sites per tooth (disto/mid/
mesiobuccal and midlingual) 
according to the half-mouth 
method, alternating on the left or 
right side, excluding third molars.

Horz et al. 
(2012)

Different stages of severity of 
chronic periodontitis.

Horz et al. 
(2015)

PD and clinical attachment level 
recorded at six sites per tooth.

Huynh et al. 
(2015b)

According to Chandra (2007).

Huynh et al. 
(2017)

Generalized dental calculus, 
generalized BOP and pockets with 
a depth of 7 mm in tooth 38, 6 mm 
in teeth 16 and 27 and 5 mm in 
teeth 16, 15, 13, 12, 25, 26, 38, 37, 
44 and 47. Radiography showed 
bone loss along the apex of 16 and 
up to the third center of 15 and 
13–27.

Kulik et al. 
(2001)

Followed the classification 
proposed by the World Workshop 
in Clinical Periodontics in 1989 
(American Academy of 
Periodontology, 1989) and 
classified the participants as 
juvenile, adult, rapidly progressing 
and refractory periodontitis.

Lepp et al. 
(2004)

Clinical attachment loss to the 
nearest millimeter at the 
mesiobuccal, buccal, distobuccal, 
mesiolingual, lingual, and 
distolingual sites around each 
tooth.

Li et al. (2009) Based on radiographic evidence, 
with an absence of periapical 
periodontitis and other oral soft 
tissue diseases.

Li et al. (2014) Presence of BOP, suppuration and 
visible plaques, PD, and clinical 
attachment loss.

Matarazzo et al. 
(2011)

According to Faveri et al. 
(2011) = presence to disc-shaped 
bone defects of >3 mm, a PD of 
>5 mm and an inflamed mucosa 
showing BOP and / or 
suppuration.

Sogodogo et al. 
(2019)

According to Armitage 
et al. (1999).

Vianna et al. 
(2008), Vianna 
et al. (2009) and 
Yamabe et al. 
(2008)

Healthy sites = PD <3 mm and no 
BOP; Periodontitis = PD ≥4 mm.

(continued)
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positive subgingival biofilms from individuals 
with and without periodontitis (Table 4.3).

4.2.2  The Taxonomy of the Archaea 
domain in Periodontal Sites

As described before, several approaches were 
applied to detect archaeal cells or DNA in peri-
odontal niches. However, most investigations are 
focused on protocols which were directed prefer-
ably to the detection of methanogenic archaea. 
Consequently, the most frequently reported 
archaeal taxa in human periodontal samples are 
Methanobrevibacter species, particularly M. ora-
lis (Yamabe et  al. 2008; Vianna et  al. 2009; 
Matarazzo et al. 2011). However, sequences affil-
iated to Thermoplasmata, a class of 
Euryarchaeota, were also found when species- 
specific primers were used (Li et al. 2009; Horz 
et  al. 2012). Interestingly, previously described 
organisms belonging to this class are usually 
acidophiles, growing optimally at pH below 2 
and lacking a cell wall (Ahn et al. 2012). In this 
case, it is more reasonable to assume that this 
organism could thrive on supragingival biofilms, 
where an acidic environment is habitual. Thus, 
physiological characteristics associated with 
Thermoplamata phylotypes encountered in sub-
gingival niches must be further explored to con-
firm this taxonomy.

4.2.3  The Prevalence of Archaea 
in Periodontal Sites and Its 
Association with Periodontitis

Although the differences in both sampling and 
methodologies employed for the detection of 

archaea led to divergent data, it was possible to 
meta-analyse the results from these studies, and, 
not surprisingly, all revealed higher proportions 
of individuals with periodontitis positive for 
archaea than periodontally healthy ones. The data 
of approximately 1000 individuals with different 
degrees of periodontitis from 24 studies reporting 
the number of periodontally-diseased individuals 
with subgingival biofilms positive for archaea 
were grouped, regardless the method to detect 
archaea, reaching a general estimative of 46% of 
individuals positive for archaea (95%CI 36%–
56%; I2  =  94%) (Fig.  4.1). Sensitivity analysis 
was performed, removing the smaller samples 
studies (Ashok et al. 2013; Bringuier et al. 2013; 
Fermiano et al. 2011; Lepp et al. 2004; Matarazzo 
et al. 2011; Yamabe et al. 2008), but the same ten-
dency persisted (pooled prevalence 39%, 95% CI 
0.28–0.52, I2 = 94%). Data from the baseline of 
the longitudinal studies were used.

In healthy sites, some divergences have been 
noticed. While some studies have not detected 
archaeal DNA in subgingival biofilm samples 
from periodontally healthy subjects (Li et  al. 
2009; Li et  al. 2014; Yamabe et  al. 2008; Horz 
et al. 2015), others described archaea as a com-
mon member of oral samples from individuals 
without periodontitis (Faveri et al. 2011; Ashok 
et al. 2013; Grine et al. 2018; Brusa et al. 1993). 
Prevalence of archaea in periodontally health 
individuals was 13% (95%CI 0.02–0.28, 
I2  =  92%). When periodontally healthy and 
 diseased individuals were compared, a significant 
positive association between periodontitis and 
the detection of archaea in subgingival biofilms 
was found. For that, two meta-analyses were per-
formed including studies based on culture- 
independent methods (Fig.  4.2a = 16S rRNA 
gene – 10 studies; 2B = cnp60 gene – 2 studies). 
The first meta-analysis was sub-grouped accord-
ing to the pair of primers used to amplify the 16S 
rRNA gene. Individuals with periodontitis were 
6.68 fold (95% CI  =  4.74–9.41) and 9.42 fold 
(95% CI = 2.54–34.91) more likely to test posi-
tive for archaea than the periodontally healthy 
individuals, as shown in Figs.  4.2a, b, respec-
tively. The results were consistent in terms of 
magnitude and direction, despite the high v in 

Table 4.2 (continued)

Author, year Periodontitis classification
Brusa et al. 
(1993) and 
Ferrari et al. 
(1994)

NA

PD probing depth, NCI clinical insertion level, BOP 
Bleeding on probing, NA not available

4 Meta-analyses on the Periodontal Archaeome
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both cases (Fig.  4.2c). Sensitivity analysis, 
removing one study at a time (one-by-one), 
revealed that no study could significantly modify 
these results. Studies using culture-based meth-
ods were not meta-analysed due to the absence of 
a control group.

4.2.4  Periodontal Treatment

Two studies evaluated samples from individuals 
positive for archaea, before and after different 
treatments for periodontal diseases (Lira et  al. 
2013; Ramiro et  al. 2018). Two meta-analyses 
were performed, comparing the scaling and root 
planing (SRP) (conventional non-surgical peri-
odontal treatment) alone or in combination with 
systemic antibiotics (amoxicillin and metronida-
zole association) (Fig.  4.3a, b). The articles 
showed a low heterogeneity (I2 = 0%), however, 
just as in the primary studies, the meta-analyses 
found no significant differences between treat-
ments, suggesting that the addition of systemic 
antibiotics as adjunct to conventional periodontal 

treatment does not significantly contribute to 
reduce archaeal cells. Since archaeal cell walls 
do not possess peptidoglycan, antibiotics directed 
against the process of cell wall synthesis are inef-
fective against Archaea (Kandler and König 
1998). However, it has been shown that methano-
gens can be sensitive to antibiotics that interfere 
with nucleic acids synthesis (Dridi et  al. 2011) 
and, perhaps this could explain the small ten-
dency of reduction in archaea numbers in sub-
jects using metronidazole.

4.2.5  Certainty of Evidence

Although the same trend was observed in all 
included studies, the certainty of evidence from 
outcomes assessed by the GRADE system was 
low for the prevalence of archaea in patients 
with and without periodontal disease, since 
most of the included studies were of observa-
tional design and were evaluated as moderate 
methodological quality. Also, a low certainty of 
evidence was graded to the reduction of archaea 

Fig. 4.1 Prevalence of the Archaea domain detection in individuals with periodontitis across 24 studies on periodontal 
archaeome

J. A. de Cena et al.
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Fig. 4.2 Forest plot of the prevalence of archaea-positive 
periodontitis vs. periodontally healthy individuals. (a): 
16S rRNA gene with different pairs of primers; (b) PCR 

of the cnp60 gene. (c): Funnel plot representing publica-
tion bias for studies of the meta-analysis (no evidence of 
publication bias)

prevalence when the treatments SRP and SRP 
associated with systemic antibiotics were com-
pared (Table  4.4), mainly due to imprecision 
(low number of treated individuals in included 
studies). In this sense, we believe that more 
studies, employing more stringent protocols are 
necessary to increase the level of evidence in 
this field.

4.3  Discussion

There are still many unanswered questions about 
the roles of archaea in periodontitis, even after 
nearly 30 years of the first archaea detection on 
periodontal sites. In this study we compiled the 
available data on periodontal archaeome in health 

4 Meta-analyses on the Periodontal Archaeome
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and disease conditions, as well as after different 
treatment protocols, and the ultimate conclusion 
is clear: the urgent need for more research on this 
topic. The detection of archaea in periodontal 
sites has frequently been related to disease, lead-
ing to the proposition by Horz and Conrads (Horz 
and Conrads 2011) that the presence of archaea 
in the oral cavity would be a predictive factor for 
this pathological condition. The meta-analyses 

performed in this study confirmed that Archaea is 
enriched in periodontitis, and 46% of individuals 
with periodontitis tested positive for archaea in 
subgingival biofilms.

Other aspect worth mentioning is the probable 
underestimation of archaeal diversity in oral niches 
since most of the studies focused on methanogenic 
organisms. The methods used to detect archaeal 
DNA on oral samples are also  questionable, espe-

Fig. 4.2 (continued)

Fig. 4.3 Forest plot of the prevalence (a) and relative abundance average (b) of Archaea domain in treatments for 
periodontal disease with scaling and root planing (SRP) + metronidazole and amoxicillin (MTZ/AMX) vs. SRP alone

J. A. de Cena et al.
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cially in those articles that adopt conventional 
PCR assays to estimate the archaeal diversity. 
Primer bias is a recognized problem with PCR-
based approaches, rending the reliability of the 
species identification and level of diversity ques-
tionable. Furthermore, the detection of archaea is 
strongly sensitive to methodological issues such as 
DNA extraction protocols, primer choice and 
sequence data processing pipelines (Koskinen 
et al. 2017) that can lead to underestimated values, 
or result in erroneous classification as artefacts or 
contamination (Lazarevic et  al. 2016). These 
issues may contribute to the relatively low preva-
lence of archaea-positive individuals (46%).

Another hypothesis to that would explain the 
global archaeal prevalence is the fact that archaea 
are not officially recognized as ‘keystone’ patho-
gens, with their enrichment more associated to 
inflammatory sites, in accordance to the ecologi-
cal hypothesis proposed by Marsh (Marsh 1994). 
For instance, P. gingivalis widely recognized as a 
keystone pathogen in periodontitis has also been 
found in low prevalence, identified in only 23 out 
of 73 periodontitis samples in combination with 
the other ‘red complex’ bacteria in a study using 
NGS approach (Dabdoub et al. 2016), undoubt-
edly less sensitive to bias than the techniques 
used to detect archaea thus far. The diversity and 
complexity of periodontal biofilms represent an 
unique component of pathogenicity, in addition 
to bacterial partners that colonize that surfaces. 
Specific associations among species in dental 
biofilms are dependent of the biofilm complexity. 
As an example, cells of the genera Prevotella are 
among those showing the most interspecies asso-
ciations, suggesting a central role in establishing 
and maintaining biofilm complexity. A signifi-
cant positive correlation between methanogens 
abundance and the amount of P. intermedia sug-
gested that, if the metabolic activity of methano-
gens promotes the bacterial species from the red 
and orange complex growth in periodontitis, this 
role is probably mediated through direct or indi-
rect interactions with P. intermedia (Horz et  al. 
2015). As oral biofilms become more complex 
and mature, they are joined or replaced by other 
species (Socransky and Haffajee 2002), and dif-
ferent colonizing organisms will produce bio-

films with varying pathogenic potential. In 
addition, the low global archaeal prevalence is 
expected, since these organisms comprehend a 
small fraction of the human microbiome, as 
described recently by Koskinen (Koskinen et al. 
2017).

4.3.1  Archaea Detection 
in Periodontitis and Healthy 
Subgingival Sites

Despite the expressive differences observed 
between periodontally healthy and diseased indi-
viduals, these were not considered statistically 
significant in some primary studies. Such find-
ings were previously linked to ethnic and dietary 
aspects of the subjects (Brusa et  al. 1993). 
However, in studies employing small sample 
sizes of healthy groups (see Table 4.3), caution 
must be taken to interpret this hypothesis, as the 
absence of archaea can be related to the poor dis-
criminating power of the study. On the other 
hand, sensitivity analyses that excluded small 
sample studies (less than 25 periodontally healthy 
individuals) returned even more marked results 
(OR: 8.52, CI  =  95% 5.64–12.87). The meta- 
analyses performed in the present study reinforce 
the conclusions of most studies on periodontal 
archaeome and represent a breakthrough in ques-
tions regarding the ecological potential, function, 
and structural interactions with the host and other 
microorganisms.

To better contextualize our analyses, we pres-
ent a brief timeline of the periodontal archaeome 
discoveries. In the past few years, archaea were 
described as common inhabitants of the oral cav-
ity, and these findings add another variable to be 
taken into account in studies of the etiopathogen-
esis of oral diseases (Grine et  al. 2018). As 
described above, the first reports describing the 
periodontal archaeome were based on the cultiva-
tion of methanogens from subgingival plaque 
samples (Brusa et  al. 1987, 1993; Ferrari et  al. 
1994). Only after 14  years, the first article 
describing the detection of archaea in patients 
with periodontitis using molecular techniques 
was published (Kulik et  al. 2001). The genus 

J. A. de Cena et al.
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Methanobrevibacter was the first methanogen 
identified and characterized in the oral cavity 
(Belay et  al. 1988) and until now is the genus 
most related to oral dysbiosis (Maeda et al. 2013; 
Dabdoub et  al. 2016). Although the predomi-
nance of methanogens in oral sites has been 
shown, these results should be interpreted with 
caution, since other archaeal phyla have been 
described in the last years (Deng et  al. 2017; 
Koskinen et al. 2017).

4.3.2  The Methanogens 
in Subgingival Biofilms

Currently, methanogens are the only archaeal 
group which putative role on oral diseases is rela-
tively known and debated. These organisms 
thrive in anaerobic microniches, which are fre-
quently found on biofilms, or formed as a result 
of oxygen consumption by facultative anaerobic 
microorganisms (Dridi et  al. 2011), probably 
playing important roles in the carbon cycle 
(Thauer and Shima 2008). The co-occurrence of 
methanogenic archaea and sulfate-reducing bac-
teria (SRB), as well as other microorganisms in 
periodontal samples (Vianna et al. 2008), and a 
positive correlation between archaea and 
Porphyromonas gingivalis and Tannerella for-
sythia levels in subgingival biofilms from sub-
jects with chronic periodontitis (Matarazzo et al. 
2012) suggest a syntrophic metabolism in these 
oral biofilms. Theoretically, this role of methano-
gens can be replaced by SRB and reductive ace-
togens in subgingival biofilms negative for 
archaea, since both groups are able to grow in H2 
with H2S and acetate as final metabolic products. 
In this context, the antibiotic support therapy 
could be valuable, since it may reduce the bacte-
rial population, but not the archaeal one. 
Conventional treatment for periodontitis with 
SRP would reduce the whole biofilm and, conse-
quently, the archaeal content.

The syntrophic interactions of methanogens 
and fermentative bacteria are beneficial to both, 
since they sustain their growth. Depending on the 
bacterial species involved in those interactions, 
methanogenic archaea can be viewed as second-

ary pathogens of the human microbiota (Horz 
and Conrads 2010). When interacting with some 
bacterial species, methanogens collaboratively 
degrade organic substances, such as acetate, pro-
pionate, and butyrate, producing methane under 
anaerobic conditions (Horz and Conrads 2011). 
In addition to the co-occurrence of archaea with 
bacterial periodontal pathogens, their physical 
interaction with other organisms may result in 
relevant outcomes. A curious interaction between 
Methanothermobacter thermautotrophicus, a 
non-oral methanogenic archaeon and the bacte-
rium Pelotomaculum thermopropionicum, results 
in the stimulation of methanogenesis. When the 
bacterial flagellar tip touches the surface of the 
archaeal cell, the propionate produced by the 
bacterium is converted to methane, restoring the 
environmental pH, which is positive to both 
organisms (Shimoyama et al. 2009). It is tempt-
ing to speculate that this kind of interaction can 
also happen in other complex microenviron-
ments. The discovery of such kind of detoxifying 
mechanism in subgingival biofilms would not be 
surprising since the removal of the H+ produced 
by many bacterial species would also restore the 
microenvironment pH, favouring the coloniza-
tion of bacteria linked to periodontitis.

The well-known oral methanogens, 
Methanobrevibacter and Methanosphaera spe-
cies can also produce diverse glycosyltransfer-
ases, enzymes that play a major role in 
maintaining the integrity of oral biofilms by pro-
ducing the biofilm’s extracellular matrix (Samuel 
et al. 2007). Furthermore, experimental evidence 
has shown that methanoarchaeal species com-
monly associated with human mucosa are able to 
form biofilms on different surfaces (Bang and 
Schmitz 2015), which could indicate archaeal 
participation in subgingival biofilm structures, 
conferring beneficial properties in this microen-
vironment as well as another manner of network 
with bacterial cells (Borrel et al. 2020).

The occurrence of interactions between 
archaea and humans is still under debate, as well 
as if archaea have their own virulence factors, 
since studies associating these organisms with 
specific pathogenesis are scarce. Probably, the 
better explored cases linked them to periodontal 
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diseases (Aminov 2013). Subsequently, we will 
discuss some hypotheses for the enrichment of 
archaea other than methanogens in periodontitis.

4.3.3  Putative Roles of Other 
Archaeal Groups 
in Periodontitis

Although previous studies have concluded that 
archaea constitute only a minor component of the 
oral microbiome and that their diversity is 
restricted to methanogens (Wade 2013), other 
species can also compose this microbiota, as 
recently determined by molecular surveys and 
metagenomic analyses (Deng et  al. 2017; Horz 
et al. 2012; Li et al. 2009, 2014).

Some archaeal groups which characteristics 
would allow them to be part of the periodontal 
microbiota are discussed below. However, it is 
important to highlight that the information 
about these groups are still extremely limited 
and further investigations are needed to test our 
hypotheses in the context of the periodontal 
archaeome.

4.3.3.1  Thermoplasmatales
These heterotrophic and thermoacidophilic 
organisms are phylogenetically grouped with 
methanogenic and halophilic archaea in the 
Euryarchaeota phylum. They were first reported 
in subgingival samples in 2009 (Li et  al. 2009) 
and further detected in other studies investigating 
archaeal presence in similar samples (Horz et al. 
2012; Li et al. 2014), as well as in ancient calcu-
lus specimens (Huynh et al. 2015a). Since these 
non-methanogenic organisms were identified by 
PCR studies using primers directed to the mcrA 
genes, it was speculated the existence of a new 
sister group of Thermoplasmatales present in the 
oral cavity and intestine, probably able to pro-
duce methane (Horz and Conrads 2011).

4.3.3.2  Ammonia-Oxidizing Archaea
Besides euryarchaeotes, other archaeal phyla 
have been shown to play crucial roles in environ-
mental nutrients cycling. Members of 
Thaumarchaeota have been found to greatly con-

tribute to nitrogen cycling, performing oxidation 
of ammonia to nitrite, and subsequently to nitrate 
in numerous marine and terrestrial environments 
(Cavicchioli et  al. 2007). Ammonia oxidizing 
thaumarchaeotes of subgroup I.1b were found to 
be the most abundant archaea in human skin, 
with active physiological status and potential for 
ammonia oxidation further suggested by FISH 
visualization and amoA genes detection (Probst 
et  al. 2013). Although the clinical relevance of 
Thaumarchaeota in the human skin remains 
unclear, it has been speculated that they might 
impact it by lowering the pH and removing cer-
tain nitrogen compounds (Moissl-Eichinger et al. 
2017; Probst et  al. 2013). Interestingly, DNA 
sequences affiliated to I.1b thaumarchaeotes have 
recently been identified in supragingival and cari-
ous biofilms, suggesting that ammonia-oxidizing 
archaea may inhabit oral niches (Dame-Teixeira 
et al. 2020).We can speculate that the nitrate pro-
duced by these could be used as the final electron 
acceptor by oral anaerobic bacteria during their 
respiration.

4.3.3.3  Halophilic Archaea
Halophilic archaea have already been identified 
in the human digestive tract (Oxley et al. 2010), 
but their impact on the host is still unclear. Since 
haloarchaea have mostly been detected by DNA 
sequencing approaches (Oxley et  al. 2010), has 
been hypothesized that these archaea transitorily 
pass the human gut as a result of the ingestion of 
salty foods, which can be heavily colonized by 
these organisms, (Oxley et  al. 2010). However, 
recent comprehensive studies based on genom-
ics, culturomics and FISH analyses of fecal sam-
ples suggest that halophilic archaea may be 
residents of the human gastrointestinal tract and 
not only transient passengers(Seck et  al. 2019; 
Kim et al. 2020). Considering the close associa-
tion of the gastrointestinal tract and the oral cav-
ity, the ability of these archaeal groups to colonize 
oral niches has been previously hypothesized 
(Horz and Conrads 2011) and further reinforced 
by the recent detection of haloarchaea sequences 
in a metatranscriptomic analysis of periodontitis 
samples (Deng et  al. 2017). Despite salinity 
requirements, haloarchaea present very diverse 
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physiological and metabolic features, thriving in 
aerobic and anaerobic conditions and being able 
to catabolize numerous compounds (Falb et  al. 
2008). Furthermore, the formation of biofilms by 
different haloarchaeal species has already been 
described, evidencing that these archaea are able 
to strongly attach surfaces and produce varied 
biofilm structures (Fröls et al. 2012).

4.4  Conclusion and Perspectives

It could be hypothesised that archaea may act as 
secondary pathogens in areas in dysbiosis and be 
favoured in the inflammatory environment. Their 
higher detection in different pathological condi-
tions, when compared to healthy sites suggest a 
putative inter-domain interaction between differ-
ent archaeal and bacterial species. This kind of 
speculation is reinforced since until now no viru-
lence factor has been identified in archaeal cells. 
Although some halophiles could secrete some 
bacteriocins, no true virulence factors for human 
cells have been detected.

The archaeal diversity on the oral cavity must 
be better characterized, since recent works have 
described new genera and classes, previously not 
described, such as halophiles and 
thermoplasmas.

There is an urgent need to better characterize 
the physiology of archaeal species that are 
members of the human microbiome, since only 
after this kind of studies, their actual role in the 
oral cavity may be clarified. An interesting per-
spective would be the development of a world-
wide network of researchers interested in 
pioneering the oral archaeome. This kind of 
project could provide important data concerning 
the diversity of oral archaeas in subjects of dif-
ferent ages, diets, and ethnicities. The studies 
could also provide a worldwide picture of the 
different oral pathologies in which archaea 
could be isolated.

4.5  Methods

4.5.1  Studies Eligibility and Search 
Strategy

Meta-analyses were performed to answer two 
questions: (1) what is the prevalence of archaea- 
positive subjects at subgingival periodontal sites 
in health and disease? (2) Do periodontal treat-
ments reduce the prevalence of archaea in peri-
odontal sites?

Details on the search strategy and studies 
selection were described elsewhere (Belmok 
et al. 2020). Briefly, a systematic search was con-
ducted in five databases (MEDLINE via PubMed, 
Cochrane Library, Scopus, LILACS, and Livivo), 
as well as the grey literature (Google Scholar, 
OpenGrey) and hand search of included studies 
references lists. General controlled vocabulary 
(MeSH Terms) and keywords (Archaea AND 
Cavity oral AND Periodontitis) were chosen and 
the searches had no language, year or publication 
type restriction. Here, the search strategy was 
updated to gather any new study published in 
2020. New databases (Embase, Proquest) were 
included at the updated search.

Eligibility criteria were also described by 
Belmok et al. (2020). Only observational/clinical 
studies where the target population consisted of 
humans of any age who were donors of periodon-
tal samples (biofilms, crevicular fluid) from oral 
cavity were included. Studies could evaluate 
archaea using methanogenic cultures, methods of 
PCR amplification and sequencing, DNA-DNA 
hybridization, next-generation sequencing, etc. 
Either animal, in vitro, or not original studies 
were excluded. Two reviewers independently 
screened the eligibility in two steps (1: reading 
titles and abstract; and 2: reading the full text). A 
subsample of identified studies on periodontal 
sites was used to these meta-analyses. The full 
screening of the articles was revised in the 
updated search.
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4.5.2  Quality Assessment 
of Individual Studies

Two reviewers independently assessed the meth-
odological quality of individual studies, using 
validated tools according to the type of study: the 
revised Cochrane tool for randomised controlled 
trials (RoB2) (Sterne et al. 2019) and the Joanna 
Briggs Institute (JBI) Critical Appraisal Checklist 
for Analytical Cross-Sectional Studies (Moola 
et al. 2017).

For JBI, due to the design of included articles, 
besides all eight questions are considered impor-
tant, four of them were considered critical 
domains to this systematic review (criteria 1–4). 
Criteria related to the outcome were considered 
non-critical (criteria numbers 5–8). At least one 
“no” and one “unclear” or two “unclear” in criti-
cal domains, or two “unclear” and one or more 
“no” in non-critical domains represented low 
methodological quality. Decision on critical and 
non-critical domains and classification system 
was discussed with research team before the 
application of the instrument, as described at JBI 
Reviewer’s Manual (Moola et al. 2017).

The risk of bias of included randomized clini-
cal trials was assessed through RoB2 tool inde-
pendently by two calibrated authors, that scored 
each item as “yes”, “probably yes”, “probably 
no”, “no” and “no information”. A third reviewer 
solved disagreements, and overall risk of bias 
was calculated using the RoB2 tool algorithm.

4.5.3  Data Extraction 
and Qualitative Analysis

Data from the subsample of studies including 
subgingival samples was orderly in an Excel file 
to analyse the periodontal archaeome. The fol-
lowing information was collected: author, year; 
country; sample size; characteristics of periodon-
tal sites (index used for periodontal diseases 
diagnosis); type of sample collection (paper 
point, manual instrument); DNA extraction 
method; methods of archaea detection; sets of 
primers used; the proportion of individuals with 

archaea detection in each group; and the relative 
abundance of archaea in each group.

A combination of quantitative and qualitative 
approaches was used in the data analysis. A nar-
rative synthesis of the findings regarding the 
molecular techniques and the clinical sampling 
and periodontal diagnosis was performed, as well 
as a qualitative synthesis was performed.

4.5.4  Meta-analyses and Certainty 
of Evidence

Continuous variables were compared through 
the DerSimonian & Laird random-effects meta- 
analytic model and presented as mean differ-
ences and 95% confidence interval. 
Dichotomous variables (prevalence of archaea 
comparison between periodontal health and 
periodontitis) were compared through Peto 
Odds Ratio, with fixed effect model and 95% 
confidence interval. Peto Odds Ratio was cho-
sen due to prevalence of archaea in healthy 
individuals was rare and some studies returned 
zero event (Deeks et al. 2019). Archaea global 
prevalence was meta-analysed through 
Restricted Maximum Likelihood model for 
Raw Proportions with 95% CI (jamovi software 
version 1.6 retrieved from https://www.jamovi.
org/). Heterogeneity between studies was esti-
mated by Cochran’s Q test and the inconsis-
tency by I2 statistic. Study characteristics 
considered as potential sources of heterogene-
ity were analysed through sensitivity analysis 
(removing on study at a time  – one-by-one 
approach, and removing small sample studies) 
and subgroup analysis regarding the type of 
primers used to archaea detection (meta-analy-
sis comparing periodontally diseased and 
healthy individuals). Publication bias was eval-
uated through funnel plot analysis. The cer-
tainty of evidence was evaluated by using 
GRADE (Grading of Recommendations, 
Assessment, Development and Evaluation) 
approach, through the analysis of risk of bias, 
inconsistency, imprecision, indirectness and 
publication bias (Schünemann 2019).

J. A. de Cena et al.

https://www.jamovi.org/
https://www.jamovi.org/


91

Acknowledgements The authors thank the University of 
Brasilia. Jéssica Alves de Cena acknowledge a scholar-
ship from CNPq.

References

Ahn J-H, Song J, Kim B-Y, Kim M-S, Joa J-H, Weon H-Y 
(2012) Characterization of the bacterial and archaeal 
communities in rice field soils subjected to long-term 
fertilization practices. J Microbiol 50(5):754–765

Aleksandrowicz P, Brzezińska-Błaszczyk E, Dudko A, 
Agier J (2020) Archaea occurrence in the subgingival 
biofilm in patients with Peri-implantitis and periodon-
titis. Int J Periodont Rest Dent 40(5)

American Academy of Periodontology (1977) Current 
procedural terminology for periodontics, 4th edn. 
American Academy of Periodontology (AAP), 
Chicago, p 20

American Academy of Periodontology (1989) 
Proceedings of the World Workshop in Clinical 
Periodontics. The American Academy of 
Periodontology (AAP), Chicago, pp I/23-I/24

Aminov RI (2013) Role of archaea in human disease. 
Front Cell Infect Microbiol 3:42

Armitage GC (1999) Development of a classification 
system for periodontal diseases and conditions. Ann 
Periodontol 4(1):1–6

Ashok N, Warad S, Singh VP, Chaudhari H, Narayanan A, 
Rodrigues J (2013) Prevalence of archaea in chronic 
periodontitis patients in an Indian population. Indian J 
Dent Res 24(3):289

Bang C, Schmitz RA (2015) Archaea associated with 
human surfaces: not to be underestimated. FEMS 
Microbiol Rev 39(5):631–648

Belay N, Johnson R, Rajagopal BS, Conway de Macario E, 
Daniels L (1988) Methanogenic bacteria from human 
dental plaque. Appl Environ Microbiol 54(2):600–603

Belmok A, de Cena J, Kyaw C, Damé-Teixeira N (2020) 
The oral archaeome: a scoping review. J Dent Res 
99(6):630–643

Borrel G, Brugere J-F, Gribaldo S, Schmitz RA, Moissl- 
Eichinger C (2020) The host-associated archaeome. 
Nat Rev Microbiol 18(11):622–636

Bringuier A, Khelaifia S, Richet H, Aboudharam G, 
Drancourt M (2013) Real-time PCR quantification 
of Methanobrevibacter oralis in periodontitis. J Clin 
Microbiol 51(3):993–994

Brusa T, Conca R, Ferrara A, Ferrari A, Pecchioni A 
(1987) The presence of methanobacteria in human 
subgingival plaque. J Clin Periodontol 14(8):470–471

Brusa T, Canzi E, Allievi L, Del Puppo E, Ferrari A (1993) 
Methanogens in the human intestinal tract and oral 
cavity. Curr Microbiol 27(5):261–265

Cavicchioli R, Demaere MZ, Thomas T (2007) 
Metagenomic studies reveal the critical and wide- 
ranging ecological importance of uncultivated 
Archaea: the role of ammonia oxidizers. BioEssays 
29(1):11–14. https://doi.org/10.1002/bies.20519

Chandra RV (2007) Evaluation of a novel periodontal risk 
assessment model in patients presenting for dental 
care. Oral Health Prev Dent 5:39–48

Dabdoub SM, Ganesan SM, Kumar PS (2016) 
Comparative metagenomics reveals taxonomically 
idiosyncratic yet functionally congruent communities 
in periodontitis. Sci Rep 6:38993

Dame-Teixeira N, de Cena JA, Côrtes DA, Belmok A, dos 
Anjos Borges LG, Marconatto L et al (2020) Presence 
of Archaea in dental caries biofilms. Arch Oral Biol 
110:104606

Deeks JJ, Higgins JP, Altman DG, Group CSM (2019) 
Analysing data and undertaking meta-analyses. In: 
Cochrane handbook for systematic reviews of inter-
ventions, pp 241–284

DeLong EF (1998) Everything in moderation: archaea 
as ‘non-extremophiles’. Curr Opin Genet Dev 
8(6):649–654

Deng Z-L, Szafrański SP, Jarek M, Bhuju S, Wagner- 
Döbler I (2017) Dysbiosis in chronic periodontitis: 
key microbial players and interactions with the human 
host. Sci Rep 7(1):1–13

Dridi B, Fardeau ML, Ollivier B, Raoult D, Drancourt 
M (2011) The antimicrobial resistance pattern of cul-
tured human methanogens reflects the unique phylo-
genetic position of archaea. J Antimicrob Chemother 
66(9):2038–2044. https://doi.org/10.1093/jac/dkr251

Falb M, Müller K, Königsmaier L, Oberwinkler T, Horn 
P, von Gronau S et al (2008) Metabolism of halophilic 
archaea. Extremophiles 12(2):177–196

Faveri M, Goncalves LF, Feres M, Figueiredo LC, 
Gouveia LA, Shibli JA et  al (2011) Prevalence 
and microbiological diversity of Archaea in peri- 
implantitis subjects by 16S ribosomal RNA clonal 
analysis. J Periodontal Res 46(3):338–344. https://doi.
org/10.1111/j.1600- 0765.2011.01347.x

Fermiano D, Lira EAGD, Sampaio FR, Figueiredo LCD, 
Feres M, Faveri M (2011) Prevalência de archaea em 
indivíduos com doença periodontal e saúde periodon-
tal. Periodontia 86–93

Ferrari A, Brusa T, Rutili A, Canzi E, Biavati B (1994) 
Isolation and characterization of Methanobrevibacter 
oralis sp. nov. Curr Microbiol 29(1):7–12

Fine DH, Patil AG, Loos BG (2018) Classification 
and diagnosis of aggressive periodontitis. J Clin 
Periodontol 45:S95–S111

Fröls S, Dyall-Smith M, Pfeifer F (2012) Biofilm formation 
by haloarchaea. Environ Microbiol 14(12):3159–3174

Ghavami, S. B., Sephay, A. A., Aghdaei, H. A., Sattari, 
T.  N., & Zali, M.  R. 7 (2015) ‘Comparison study 
on effect of different methods on DNA extraction 
of Methanobrevibacter smithii’ Biological Forum' . 
Research Trend, p. 549 2

Gohler A, Hetzer A, Holtfreter B, Geisel MH, Schmidt 
CO, Steinmetz I et  al (2014) Quantitative molecular 
detection of putative periodontal pathogens in clini-
cally healthy and periodontally diseased subjects. 
PLoS One 9(7):e99244

Gohler A, Samietz S, Schmidt CO, Kocher T, Steinmetz 
I, Holtfreter B (2018) Comparison of Oral microbe 

4 Meta-analyses on the Periodontal Archaeome

https://doi.org/10.1002/bies.20519
https://doi.org/10.1093/jac/dkr251
https://doi.org/10.1111/j.1600-0765.2011.01347.x
https://doi.org/10.1111/j.1600-0765.2011.01347.x


92

quantities from tongue samples and subgingi-
val pockets. Int J Dent 2018:2048390. https://doi.
org/10.1155/2018/2048390

Grine G, Terrer E, Boualam MA, Aboudharam G, Chaudet 
H, Ruimy R et  al (2018) Tobacco-smoking-related 
prevalence of methanogens in the oral fluid micro-
biota. Sci Rep 8(1):9197. https://doi.org/10.1038/
s41598- 018- 27372- 7

Horz HP, Conrads G (2010) The discussion goes on: 
what is the role of Euryarchaeota in humans? Archaea 
2010:967271. https://doi.org/10.1155/2010/967271

Horz HP, Conrads G (2011) Methanogenic Archaea and 
oral infections – ways to unravel the black box. J Oral 
Microbiol 3. https://doi.org/10.3402/jom.v3i0.5940

Horz HP, Seyfarth I, Conrads G (2012) McrA and 16S 
rRNA gene analysis suggests a novel lineage of Archaea 
phylogenetically affiliated with Thermoplasmatales in 
human subgingival plaque. Anaerobe 18(3):373–377. 
https://doi.org/10.1016/j.anaerobe.2012.04.006

Horz HP, Robertz N, Vianna ME, Henne K, Conrads G 
(2015) Relationship between methanogenic archaea 
and subgingival microbial complexes in human 
 periodontitis. Anaerobe 35(Pt A):10–12. https://doi.
org/10.1016/j.anaerobe.2015.02.008

Huynh HT, Nkamga VD, Drancourt M, Aboudharam 
G (2015a) Genetic variants of dental plaque 
Methanobrevibacter oralis. Eur J Clin Microbiol 
Infect Dis 34(6):1097–1101. https://doi.org/10.1007/
s10096- 015- 2325- x

Huynh HT, Pignoly M, Nkamga VD, Drancourt M, 
Aboudharam G (2015b) The repertoire of archaea 
cultivated from severe periodontitis. PLoS One 
10(4):e0121565

Huynh HT, Pignoly M, Drancourt M, Aboudharam G 
(2017) A new methanogen “Methanobrevibacter mas-
siliense” isolated in a case of severe periodontitis. 
BMC Res Notes 10(1):657

Kandler O, König H (1998) Cell wall polymers in 
Archaea (Archaebacteria). Cell Mol Life Sci CMLS 
54(4):305–308

Kim JY, Whon TW, Lim MY, Kim YB, Kim N, Kwon 
M-S, et al (2020) The human gut archaeome: identifi-
cation of diverse haloarchaea in Korean subjects

Koskinen K, Pausan MR, Perras AK, Beck M, Bang C, 
Mora M et  al (2017) First insights into the diverse 
human Archaeome: specific detection of archaea in 
the gastrointestinal tract, lung, and nose and on skin. 
MBio 8(6). https://doi.org/10.1128/mBio.00824- 17

Kulik EM, Sandmeier H, Hinni K, Meyer J (2001) 
Identification of archaeal rDNA from subgingival den-
tal plaque by PCR amplification and sequence analy-
sis. FEMS Microbiol Lett 196(2):129–133. https://doi.
org/10.1111/j.1574- 6968.2001.tb10553.x

Lazarevic V, Gaïa N, Girard M, Schrenzel J (2016) 
Decontamination of 16S rRNA gene amplicon 
sequence datasets based on bacterial load assessment 
by qPCR. BMC Microbiol 16(1):73

Lepp PW, Brinig MM, Ouverney CC, Palm K, 
Armitage GC, Relman DA (2004) Methanogenic 
Archaea and human periodontal disease. Proc Natl 

Acad Sci U S A 101(16):6176–6181. https://doi.
org/10.1073/pnas.0308766101

Li CL, Liu DL, Jiang YT, Zhou YB, Zhang MZ, Jiang 
W et  al (2009) Prevalence and molecular diversity 
of Archaea in subgingival pockets of periodontitis 
patients. Oral Microbiol Immunol 24(4):343–346. 
https://doi.org/10.1111/j.1399- 302X.2009.00514.x

Li CL, Jiang YT, Liu DL, Qian J, Liang JP, Shu R (2014) 
Prevalence and quantification of the uncommon 
Archaea phylotype Thermoplasmata in chronic peri-
odontitis. Arch Oral Biol 59(8):822–828. https://doi.
org/10.1016/j.archoralbio.2014.05.011

Lira E, Ramiro F, Chiarelli F, Dias R, Feres M, Figueiredo 
L et  al (2013) Reduction in prevalence of Archaea 
after periodontal therapy in subjects with generalized 
aggressive periodontitis. Aust Dent J 58(4):442–447

Maeda H, Hirai K, Mineshiba J, Yamamoto T, Kokeguchi 
S, Takashiba S (2013) Medical microbiological 
approach to Archaea in oral infectious diseases. Jpn 
Dent Sci Rev 49(2):72–78

Magrum LJ, Luehrsen KR, Woese CR (1978) Are extreme 
halophiles actually “bacteria”? J Mol Evol 11(1):1–8

Mahnert A, Blohs M, Pausan M-R, Moissl-Eichinger 
C (2018) The human archaeome: methodologi-
cal pitfalls and knowledge gaps. Emer Top Life Sci 
2(4):469–482

Marsh PD (1994) Microbial ecology of dental plaque and 
its significance in health and disease. Adv Dent Res 
8(2):263–271

Matarazzo F, Ribeiro AC, Feres M, Faveri M, Mayer MP 
(2011) Diversity and quantitative analysis of Archaea 
in aggressive periodontitis and periodontally healthy 
subjects. J Clin Periodontol 38(7):621–627. https://
doi.org/10.1111/j.1600- 051X.2011.01734.x

Matarazzo F, Ribeiro AC, Faveri M, Taddei C, 
Martinez MB, Mayer MP (2012) The domain 
Archaea in human mucosal surfaces. Clin 
Microbiol Infect 18(9):834–840. https://doi.
org/10.1111/j.1469- 0691.2012.03958.x

Moissl-Eichinger C, Probst AJ, Birarda G, Auerbach A, 
Koskinen K, Wolf P et al (2017) Human age and skin 
physiology shape diversity and abundance of Archaea 
on skin. Sci Rep 7(1):1–10

Moola S, Munn Z, Tufanaru C, Aromataris E, Sears K, 
Sfetcu R et  al (2017) Checklist for analytical cross 
sectional studies. Joanna Briggs Institute Reviewer’s 
Manual [Internet]. The Joanna Briggs Institute

Oxley AP, Lanfranconi MP, Würdemann D, Ott S, 
Schreiber S, McGenity TJ et  al (2010) Halophilic 
archaea in the human intestinal mucosa. Environ 
Microbiol 12(9):2398–2410

Papapanou PN, Sanz M, Buduneli N, Dietrich T, Feres M, 
Fine DH et al (2018) Periodontitis: consensus report of 
workgroup 2 of the 2017 world workshop on the clas-
sification of periodontal and peri-implant diseases and 
conditions. J Periodontol 89:S173–S182

Pausan MR, Csorba C, Singer G, Till H, Schöpf V, 
Santigli E et  al (2019) Exploring the archaeome: 
detection of archaeal signatures in the human body. 
Front Microbiol 10:2796

J. A. de Cena et al.

https://doi.org/10.1155/2018/2048390
https://doi.org/10.1155/2018/2048390
https://doi.org/10.1038/s41598-018-27372-7
https://doi.org/10.1038/s41598-018-27372-7
https://doi.org/10.1155/2010/967271
https://doi.org/10.3402/jom.v3i0.5940
https://doi.org/10.1016/j.anaerobe.2012.04.006
https://doi.org/10.1016/j.anaerobe.2015.02.008
https://doi.org/10.1016/j.anaerobe.2015.02.008
https://doi.org/10.1007/s10096-015-2325-x
https://doi.org/10.1007/s10096-015-2325-x
https://doi.org/10.1128/mBio.00824-17
https://doi.org/10.1111/j.1574-6968.2001.tb10553.x
https://doi.org/10.1111/j.1574-6968.2001.tb10553.x
https://doi.org/10.1073/pnas.0308766101
https://doi.org/10.1073/pnas.0308766101
https://doi.org/10.1111/j.1399-302X.2009.00514.x
https://doi.org/10.1016/j.archoralbio.2014.05.011
https://doi.org/10.1016/j.archoralbio.2014.05.011
https://doi.org/10.1111/j.1600-051X.2011.01734.x
https://doi.org/10.1111/j.1600-051X.2011.01734.x
https://doi.org/10.1111/j.1469-0691.2012.03958.x
https://doi.org/10.1111/j.1469-0691.2012.03958.x


93

Probst AJ, Auerbach AK, Moissl-Eichinger C (2013) 
Archaea on human skin. PloS One 8(6):e65388

Ramiro F, de Lira E, Soares G, Retamal-Valdes B, Feres 
M, Figueiredo L et al (2018) Effects of different peri-
odontal treatments in changing the prevalence and lev-
els of Archaea present in the subgingival biofilm of 
subjects with periodontitis: a secondary analysis from 
a randomized controlled clinical trial. Int J Dent Hyg 
16(4):569–575

Robichaux M, Howell M, Boopathy R (2003a) 
Methanogenic activity in human periodontal pocket. 
Curr Microbiol 46(1):0053–0058

Robichaux M, Howell M, Boopathy R (2003b) Growth and 
activities of sulfate-reducing and methanogenic bacte-
ria in human oral cavity. Curr Microbiol 47(1):12–16. 
https://doi.org/10.1007/s00284- 002- 3930- 3

Samuel BS, Hansen EE, Manchester JK, Coutinho PM, 
Henrissat B, Fulton R et al (2007) Genomic and meta-
bolic adaptations of Methanobrevibacter smithii to the 
human gut. Proc Natl Acad Sci 104(25):10643–10648

Schünemann H (2019) Chapter 14: Completing 
‘Summary of findings’ tables and grading the certainty 
of the evidence. In: Higgins JP, Thomas J, Chandler 
J, Cumpston M, Li T, Page MJ et al (eds) Cochrane 
Handbook for Systematic Reviews of Interventions 
version 6.0 (updated July 2019). Available from www.
training.cochrane.org/handbook

Seck E, Senghor B, Merhej V, Bachar D, Cadoret F, Robert 
C et al (2019) Salt in stools is associated with obesity, 
gut halophilic microbiota and Akkermansia muciniph-
ila depletion in humans. Int J Obes 43(4):862–871

Shimoyama T, Kato S, Ishii S i, Watanabe K 
(2009) Flagellum mediates symbiosis. Science 
323(5921):1574–1574

Socransky SS, Haffajee AD (2002) Dental biofilms: dif-
ficult therapeutic targets. Periodontol 2000(28):12–55. 
https://doi.org/10.1034/j.1600- 0757.2002.280102.x

Sogodogo E, Doumbo O, Aboudharam G, Kouriba B, 
Diawara O, Koita H et al (2019) First characteriza-

tion of methanogens in oral cavity in Malian patients 
with oral cavity pathologies. BMC Oral Health 
19(1):232

Sterne JA, Savović J, Page MJ, Elbers RG, Blencowe NS, 
Boutron I et al (2019) RoB 2: a revised tool for assess-
ing risk of bias in randomised trials. BMJ 366

Thauer RK, Shima S (2008) Methane as fuel for anaerobic 
microorganisms. Ann N Y Acad Sci 1125(1):158–170

Vianna ME, Holtgraewe S, Seyfarth I, Conrads G, Horz 
HP (2008) Quantitative analysis of three hydroge-
notrophic microbial groups, methanogenic archaea, 
sulfate- reducing bacteria, and acetogenic bacteria, 
within plaque biofilms associated with human peri-
odontal disease. J Bacteriol 190(10):3779–3785. 
https://doi.org/10.1128/jb.01861- 07

Vianna ME, Conrads G, Gomes BP, Horz HP (2009) 
T-RFLP-based mcrA gene analysis of methanogenic 
archaea in association with oral infections and evi-
dence of a novel Methanobrevibacter phylotype. 
Oral Microbiol Immunol 24(5):417–422. https://doi.
org/10.1111/j.1399- 302X.2009.00539.x

Wade WG (2013) The oral microbiome in health and 
disease. Pharmacol Res 69(1):137–143. https://doi.
org/10.1016/j.phrs.2012.11.006

Wagner Mackenzie B, West AG, Waite DW, Lux CA, 
Douglas RG, Taylor MW et al (2020) A novel descrip-
tion of the human sinus archaeome during health and 
chronic rhinosinusitis. Front Cell Infect Microbiol 
10:398

Woese CR, Fox GE (1977) Phylogenetic structure of the 
prokaryotic domain: the primary kingdoms. Proc Natl 
Acad Sci 74(11):5088–5090

Yamabe K, Maeda H, Kokeguchi S, Tanimoto I, Sonoi 
N, Asakawa S et  al (2008) Distribution of Archaea 
in Japanese patients with periodontitis and humoral 
immune response to the components. FEMS Microbiol 
Lett 287(1):69–75

4 Meta-analyses on the Periodontal Archaeome

https://doi.org/10.1007/s00284-002-3930-3
https://www.training.cochrane.org/handbook
https://www.training.cochrane.org/handbook
https://doi.org/10.1034/j.1600-0757.2002.280102.x
https://doi.org/10.1128/jb.01861-07
https://doi.org/10.1111/j.1399-302X.2009.00539.x
https://doi.org/10.1111/j.1399-302X.2009.00539.x
https://doi.org/10.1016/j.phrs.2012.11.006
https://doi.org/10.1016/j.phrs.2012.11.006


95© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 
J. Santi-Rocca (ed.), Periodontitis, Advances in Experimental Medicine and Biology 1373, 
https://doi.org/10.1007/978-3-030-96881-6_5

Parasites in Periodontal Health 
and Disease: A Systematic Review 
and Meta-analysis
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Abstract

Background: Periodontitis is an inflamma-
tory disease triggered by the infection of the 
periodontal sulcus by microbes. Together with 
the abundant eubacterial microbiota, at least 
two parasites have often been identified: the 
amoeba Entamoeba gingivalis and the flagel-
late Trichomonas tenax. The role of these pro-
tists in the pathophysiology of periodontal 

disease remains to be deciphered. A high 
diversity in their measured prevalence, mainly 
due to methodological concerns, prevents fur-
ther analysis of the aetiological link between 
these parasites and periodontitis.

Methods: To determine E. gingivalis and 
T. tenax prevalence in periodontal pockets as 
compared to healthy sulci, we have conducted 
a systematic review, searching 3 remote  
databases (Pubmed, LILACS, and Google 
Scholar), restricting to papers in which the 
diagnostic of the parasite was made using 
molecular methods. A total of 5 studies for  
E. gingivalis and 2 studies for T. tenax were 
included for the meta-analysis.

Results: In the periodontal pockets, the 
prevalence of parasites is 76.9% (95%-CI: 
71.5–81.7%) for E. gingivalis and 38.6% 
(95%-CI: 27.2–50.0%) for T. tenax. Both para-
sites are more abundant in periodontal pockets 
as compared to healthy sulci, with a risk ratio 
of 3.96 (95%-CI: 1.57–9.98) for E. gingivalis 
and 21.82 (95%-CI: 6.71–70.96) for T. tenax. 
The two subtypes of E. gingivalis exhibited the 
same risk ratio: 3.30 (95%-CI: 1.27–8.55) for 
ST1 and 3.30 (95%-CI: 0.42–26.03) for ST2, 
but ST1 was more prevalent (70.6%, 95%-CI: 
65.0–76.2%) than ST2 (43.9%, 95%-CI: 35.5–
52.4%) in periodontal pockets.

Conclusion: Altogether, the data show that 
parasites are more prevalent in the diseased than 
in the healthy. However, the differences in prev-
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alence between species and subtypes call for 
more studies to be able to conclude about their 
individual contributions in the pathophysiology 
of periodontal diseases. The heterogeneity in 
prevalence estimation should be investigated 
further, in particular to make out biological from 
methodological heterogeneity.

Keywords

Entamoeba gingivalis · Trichomonas tenax · 
Periodontal diseases · Periodontitis · 
Meta-analysis

5.1  Introduction

Periodontal diseases are characterized by the 
inflammation of the tissues surrounding the tooth 
(gingivitis) and the later destruction of the alveo-
lar bone (periodontitis), eventually leading to 
tooth loss. They are ubiquitous and affect more 
than half the adults worldwide (Petersen and 
Ogawa 2005). Periodontal diseases exhibit dif-
ferent stages and grades, in other words, extents 
and progression rates (Tonetti et al. 2018). Severe 
forms of the disease affect approximately a fifth 
of adults between 35 and 44 years old, this pro-
portion increasing with age (Petersen and Ogawa 
2005). Age cannot account by its own for all the 
grades and stages of periodontal diseases: among 
the factors, the genetic of the host and the micro-
bial traits of the infection are to consider 
(Offenbacher et al. 2016).

Inflammation in periodontal diseases is trig-
gered by microbes and, along history, different 
models have tried to expose why a single caus-
ative agent could not explain the aetiology of this 
disease deemed unique (Hajishengallis and 
Lamont 2012; Hajishengallis 2014; Hajishengallis 
et al. 2012). Indeed, while some species of inter-
est have been identified, like Porphyromonas gin-
givalis, Treponema denticola, and Tannerella 
forsythia from the red complex (Socransky et al. 
1998) and Aggregatibacter actinomycetemcomi-
tans (Haubek et al. 1996), their participation can-
not be considered at the individual level but rather 
within a given microbial environment in interac-
tion with the host. The three-dimensional 
arrangements of these biofilms can support a 
community-like cooperative association (Esteves 
et  al. 2021). This higher grade of organization 
may sustain synergy and a gain of new function-
alities, in particular at the metabolic level through 
metabolite exchange after specialization in a 
given step of a metabolic way (Yost et al. 2015; 
Deng et al. 2018).

Alongside the intensively studied bacteria, 
other organisms have been identified in the peri-
odontal environments: parasites, fungi, archaea, 
and viruses. Among the parasites, two species 
have been described as frequent colonizers of the 
gingival sulcus: the amoeba Entamoeba gingiva-

Highlights

• The prevalence of E. gingivalis in peri-
odontal pockets is 76.9%

• The prevalence of T. tenax in periodon-
tal pockets is 38.6%

• E. gingivalis is 3.96 more frequent in 
periodontitis than in healthy sites

• T. tenax is 21.82 more frequent in peri-
odontitis than in healthy sites

Patient Summary
The parasites Entamoeba gingivalis and 
Trichomonas tenax are unicellular eukary-
otic organisms that are frequently detected 
in the gingival sulci. Researchers have pre-
viously shown they own virulence factors, 
which casts doubts about their possible 
commensal interactions with the human 
host. Their more frequent detection in 
patients with periodontitis suggests they 
may be involved in the development of this 
disease. They may become future targets 
for diagnosis and therapeutic strategies.

Considerations for Practice

• Parasites are frequently detected in gin-
gival sulci

• Parasite detection is correlated with 
periodontal diseases

D. F. Martin-Garcia et al.
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lis and the flagellate Trichomonas tenax. 
However, their role in the pathophysiology of 
periodontal diseases is still to be elucidated.

In 1849, Entamoeba gingivalis was the first 
amoeba identified in samples from humans (Gros 
1849). The close resemblance with Entamoeba 
histolytica, then recently identified as a pathogen 
causing dysentery (Lösch 1875), raised suspicion 
about its link to periodontitis in a late nineteenth 
century marked by the emergence of Infectiology 
(Kartulis 1893). The virulence of E. gingivalis 
was and is still questioned, though the scientific 
community calls for caution when classifying it 
as a commensal or a saprophyte (Bonner et  al. 
2018). Indeed, some traits of the amoeba from 
the mouth are very similar to some virulence 
mechanisms of E. histolytica: phagocytosis of 
human cells (Prowazek 1904), tissue destruction, 
and inflammation triggering (Bao et  al. 2020; 
Bao et  al. 2021). Microscopic diagnosis has 
revealed, with a great variability between users, 
that E. gingivalis was ubiquitous around the 
world and very frequent in periodontitis (reviewed 
in (Badri et al. 2021)). Several species were sus-
pected to colonize the periodontal sulcus, but 
were soon unified under the name “Endameba 
gingivalis” (Smith and Barrett 1915). 
Interestingly, a second subtype of E. gingivalis, 
ST2, has been identified by molecular methods 
and seems genetically distant from E. gingivalis 
ST1, which leaves the question open about its 
identity as a new species (Garcia et  al. 2018b). 
Furthermore, data from one publication suggest 
that these two taxonomic entities are differen-
tially present between gingivitis and periodontitis 
patients (Garcia et al. 2018a).

Virulence can also vary between variants 
(strains) of T. tenax (Benabdelkader et al. 2019). 
The parasite is shown or hypothesized to pos-
sess numerous virulence factors, which was 
recently reviewed (Bisson et  al. 2019). 
Furthermore, the presence of the flagellate has 
been correlated to the disease itself (Marty et al. 
2017) and to the severity of periodontal disease, 
more precisely tooth mobility, accumulation of 
plaque, and clinical attachment loss (Bisson 
et al. 2018). It is noteworthy that the prevalence 
of parasite greatly varies according to the defini-

tion of the disease and according to the method 
used (Santi-Rocca 2020). The most accurate 
methods to identify organisms in a diagnosis 
setup using periodontal material involve genetic 
identification, like PCR, to avoid misidentifica-
tion and user inference, as already discussed 
(Bonner et al. 2014).

A better comprehension of the pathophysiol-
ogy of periodontal diseases requires a deeper 
understanding of the role of the whole microbi-
ota, including the parasites. And to that end, more 
homogeneity and consensus in their detection is 
an important methodological pre-condition for 
future research. We propose here to conduct a 
systematic review and a meta-analysis of the 
prevalence of both parasites and their identifiable 
subtypes by molecular methods.

5.2  Materials and Methods

This systematic review and meta-analysis was 
performed in accordance with the PRISMA 
guidelines (Moher et  al. 2009). The protocol 
received the PROSPERO registration number 
CRD42021224592.

5.2.1  Systematic Review

Three databases were used: Pubmed (https://
pubmed.ncbi.nlm.nih.gov/), LILACS (https://
lilacs.bvsalud.org/), and Google Scholar (https://
scholar.google.com/). The searches were per-
formed on June 30th 2021.

5.2.1.1  Pubmed Search Strategies 
and Retrieval

For E. gingivalis: (Stomatognathic Diseases 
[mh:exp] OR periodont*[title/abstract] OR 
gingiv*[title/abstract]) AND (entamoeba[title/
abstract] OR endamoeba[title/abstract])

For T. tenax: (Stomatognathic Diseases 
[mh:exp] OR periodont*[title/abstract] OR 
gingiv*[title/abstract]) AND (trichomonas[title/
abstract])

Results were exported in .csv format and then 
opened in Microsoft Excel for further treatment.
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5.2.1.2  LILACS Search Strategies
For E. gingivalis: (entamoeba*) AND 
((mh:“stomatognathic diseases”) OR 
(mh:“periodontitis”) OR (mh:“periodontal dis-
ease") OR (mh:"gingivitis”) OR buccal OR oral 
OR mouth OR gingivalis)

For T. tenax: (trichomon*) AND 
((mh:“stomatognathic diseases”) OR 
(mh:“periodontitis”) OR (mh:"periodontal dis-
ease") OR (mh:"gingivitis") OR buccal OR oral 
OR mouth OR tenax)

Results were exported in .csv format and then 
opened in Microsoft Excel for further treatment.

5.2.1.3  Google Scholar
For E. gingivalis: “Entamoeba gingivalis”

For T. tenax: “Trichomonas tenax”
Results were retrieved using the Publish or 

Perish software (v7.33) (Harzing and Adams 
2017) and then opened in Microsoft Excel for 
further treatment.

5.2.1.4  Selection of Publications
After organizing the columns so the databases 
from the three sources were compatible and 
before merging them, the publications were 
tagged in a column with the source database 
name. Other 2 columns were added: 1 for the 
classification index attributed by the researcher 
and 1 for their comments.

The classification index were the following:

• DUP = duplicated entry
• LAN = publication in a language not under-

stood by the researcher
• +1 = peer-reviewed original research article 

about the concerned parasite, infecting 
humans, with obvious diagnosis data from 
title or abstract. Correspond to the “screening” 
step.

• −1 = publication not entering the “+1” cate-
gory and reviews, theses.

• +2 = “+1” publication with numerical epide-
miological data obtained using molecular 
methods, as seen in the full text. Corresponds 
to the “eligibility” step.

• −2 = “+1” publication not entering the “+2” 
category

• +3 = “+2” publication concerning adults, with 
a defined group with periodontitis and a group 

with healthy controls. The diagnosis must 
have been done on one site. “Correspond to 
the “inclusion” step.

• −3 = “+2” publication not entering the “+3” 
category. The reasons for the exclusion at this 
step are discussed in the review.

The previous steps were independently per-
formed by GG, MS, and JSR. Results were then 
compared, and discrepancies were solved by dis-
cussing them.

5.2.2  Meta-analysis

We analyzed separately and successively: the set 
of studies selected for E. gingivalis (any strain), 
for E. gingivalis ST1, for E. gingivalis ST2; and 
finally, for T. tenax. We used the risk ratio (RR) – 
and its associated 95%-confidence interval – as a 
summary statistic for each of the studies. RR 
refers here to the ratio of the risk of being infected 
by a given parasite type among patients with peri-
odontitis versus the risk of being infected among 
a control group of healthy patients. We performed 
meta-analyses to estimate the summary effect of 
periodontitis on the prevalence of the parasite, the 
estimate being calculated as a weighted average 
of the effects estimated in the individual studies.

We systematically assessed the heterogeneity 
of the studies following a triple approach. First, 
we applied a traditional Chi2 to assess whether 
observed differences in results across studies 
were compatible with chance alone: a low p-value 
provides evidence of heterogeneity. We also mea-
sured the inconsistency I2, which provides the 
percentage of the variability in effect estimates 
that is due to heterogeneity rather than sampling 
error (chance). And finally, we measured the 
extent of this variation, referred to as τ2, or Tau2, 
which is the estimated variance of underlying 
effects across studies.

We relied of the inverse-variance method 
approach to compute the summary effect as a 
weighted average of the estimated effects from 
their respective set of eligible studies. According 
to this approach, the weight attributed to each 
study is the inverse of the variance of the effect 
estimate. Considering the heterogeneous set of 
studies, we implemented systematically both a 
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fixed-effect method and a random-effects method 
of meta-analysis, in order to compare and discuss 
them. A fixed-effect meta-analysis assumes that 
all effect estimates are estimating the same 
underlying “intervention effect” (here, the effect 
of periodontal disease on parasite presence), 
however, the result of the meta-analysis can be 
interpreted without making such an assumption 
(Rice et al. 2018). In such a model the weight of 
each individual estimate is the inverse of the stan-
dard error of that estimate. On the other hand, a 
random-effects model assumes that the different 
studies are estimating different, yet related and 
normally distributed, effects (Higgins et  al. 
2009), in that case, still following the inverse- 
variance method, the variance now includes the 
between-studies variance, tau-squared, in addi-
tion to the within-studies variance given by the 
individual standard errors. This translates into 
attributing more weight to smaller studies than 
the previous method would.

The meta-analyses and the forest plots of the 
data were performed with R 3.5.2, resorting to the 
“Metafor 3.0-2” and “Meta 4.18-2” packages.

5.3  Results

5.3.1  Entamoeba gingivalis

A total of 1207 studies were identified: 1120 in 
Google Scholar, 53  in Pubmed, 34  in Lilacs. 
After applying the filters presented in the 
Methods section and in Fig. 5.1, 14 studies were 
identified as peer-reviewed articles including epi-
demiological data generated by molecular 
methods.

It is noteworthy that the founder study by 
Kikuta and colleagues was excluded because the 
definition of the disease included gingivitis 
(Kikuta et  al. 1996). Other four studies were 
excluded because there was no healthy control 
group (Cembranelli et  al. 2013; Hussian 2017; 
Huang et  al. 2020; Stensvold et  al. 2021). In a 
study, the patients were not classified into groups 
corresponding to their periodontal status (Sharifi 
et  al. 2020). Was also rejected a study about 
 children (Zahraa Abd Alhammza Abbass 2020). 

The sole study using metagenomics was excluded 
because the samples were chosen according to 
previous microbial outcomes in former studies 
(Deng et  al. 2017). Finally, another study was 
rejected because of technical incongruencies: 
while the EGO-1 and EGO-2 primers from the 
Kikuta study were used, the amplicon was not 
from the expected size: 250 bp instead of the 
expected 1.4 kb (Rahdar et al. 2019).

The characteristics of the included studies are 
presented in Table 5.1. The 5 studies were pub-
lished between 2011 and 2020 by different 
research teams. It is noteworthy that the defini-
tion of periodontitis greatly varies between the 
studies. The only comparable parameter is the 
periodontal pocket depth (PD) that has a thresh-
old value ranging from 3 to 6 mm between the 
studies, corresponding to stage I and stages III-IV 
in the current AAP-EFP classification, respec-
tively. For instance, in the Bonner study, patients 
could be at any stage of the disease, while patients 
from the Garcia study could only be at stages 
III-IV (Bonner et al. 2014; Garcia et al. 2018a). 
Variability was also observed for exclusion crite-
ria, as for the way patients were enrolled (see 
comments in Table  5.1) and for the molecular 
diagnosis itself, from the sampling from patient 
to the primers that were used. The risks of biases 
were evaluated (Table 5.2) and was relatively low 
either at the study or at the domain level.

The prevalence for E. gingivalis in periodontal 
pockets is 76.9% (95%-CI: 71.5–81.7%), and 
29.6% in controls (95%-CI: 24.4–35.3%) pool-
ing all the individuals from the different studies 
without applying weights. In the same way, ST1 
is highly prevalent in periodontal pockets 70.6% 
(95%-CI: 65.0–76.2%) and much less in healthy 
sites 28.7% (95%-CI: 23.4–34.1%). In contrast, 
ST2 was moderately prevalent in periodontal 
pockets 43.9% (95%-CI: 35.5–52.4%), and close 
to the prevalence observed for ST1  in healthy 
controls 23.0% (95%-CI: 15.9–30.1%).

Using meta-analysis methods, the overall rela-
tive risk is 2.44 according to a fixed-model 
approach. But, with regards to the heterogeneity 
between the studies (I2  =  92%, p < 0.01), con-
ducted in different countries and conditions, we 
consider wiser to conclude with the results of the 
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random effects model claiming that the relative 
risks in different contexts are log-normaly dis-
tributed around 3.96 (95%-CI: 1.57–9.98), mean-
ing that the prevalence is predicted to be around 
3.96 times as high in the periodontal pockets as in 
healthy sulci (Fig.  5.2 Panel A). Interestingly, 
two studies (Trim and Dubar) exhibit elevated 
relative risks and very low or null prevalence in 
the control group, accounting for most of 
between-studies heterogeneity: the biological (or 
merely methodological) reasons for such null 
prevalences in health would be an important issue 
to solve in further research.

Interestingly, PCR primers allowed to indis-
tinctly detect both ST1 and ST2  in the Trim’s 
study, as evidenced in another one (Zaffino et al. 
2019). In the Garcia and Dubar studies, ST1 and 
ST2 were detected separately. Exclusive detec-
tion of ST1 by the Bonner’s PCR primers was 
determined by the same methodological study 
and were re-used in the Bao’s study. Though low 
numbers of studies were then used, we chose to 
distinguish the two subtypes.

For ST1, the overall relative risk using a ran-
dom effects model is distributed around 3.30 
(95%-CI: 1.27–8.55) (Fig.  5.2 Panel B). The 

Fig. 5.1 Prisma flow diagram for the selection of studies about E. gingivalis
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Table 5.2 Modified Newcastle-Ottawa quality assessment Scale, presenting the 5 studies included for E. gingivalis 
meta-analysis

Study
First author Trim Bonner Garcia Dubar Bao Score
Year 2011 2014 2018 2019 2020 (/domain)

Selection Adequacy of case 
definition

+ + + + possible 
bias

4/5

Representativeness of 
cases

+ + + + + 5/5

Selection of controls possible 
bias

+ + + possible 
bias

3/5

Definition of controls + + + + + 5/5
Comparability Comparability of cases 

and controls
possible 
bias

possible 
bias

+ age 
bias

++ + age bias 4/10

Exposure Ascertainment of 
exposure

+ + + + + 5/5

Same method for 
cases and controls

+ + + + + 5/5

Score (/study) 5/8 6/8 7/8 8/8 5/8

Fig. 5.2 Results of the meta-analysis, presented as forest plots, for E. gingivalis. Panel A: results without differentiat-
ing ST1 and ST2. Panel B: results for ST1. Panel C: results for ST2

5 Parasites in Periodontal Health and Disease: A Systematic Review and Meta-analysis



104

results are heterogeneous between the 4 studies 
(I2 = 93%, p < 0.01). Yet, the Dubar study is an 
outlier with an elevated relative risk (with a very 
wide 95% confidence interval) and a very low 
prevalence in the control group. One could be 
tempted to minimize the representativity (and 
weight) of this outlier and bet on the fixed-effect 
model outcome, concluding on a lower universal 
risk ratio for ST1 of 2.26 (95%-CI: 1.84–2.77).

For ST2, only two studies are included (Garcia 
and Dubar); the overall relative risk using a 
 random effects model is 3.30 (95%-CI: 0.42–
26.03) (Fig. 5.2 Panel B). The Dubar study has 
again an elevated relative risk (with a very wide 
95% confidence interval) and a null prevalence in 
the control group. In that case, meta-analysis is 
not so meaningful and instructive beyond single 
studies until we gain further insight in the under-
standing of the respective biological and method-
ological context of the two studies.

Altogether, these results show that E. gingiva-
lis, may it be the whole complex, ST1 or ST2, has 
a consistently higher prevalence in periodontal 
pockets than in healthy sulci. Despite heteroge-
neity, all single studies account for a risk ratio 
significantly superior to 1.

5.3.2  Trichomonas tenax

A total of 1261 studies were identified: 1187 in 
Google Scholar, 45  in Pubmed, 29  in Lilacs. 
After applying the filters presented in the 
Methods section and in Fig. 5.3, 7 studies were 
identified as peer-reviewed articles including epi-
demiological data generated by molecular 
methods.

Three studies were excluded because the 
patients were children (Mehr et al. 2015; Abbass 
et al. 2020; Hamad 2021). Two other studies were 
excluded because the patients were not classified 
into groups corresponding to their periodontal 
status (Dybicz et al. 2018; Jaffer et al. 2020) ; and 
another one did not include healthy controls 
(Bracamonte-Wolf et  al. 2019). Finally, a study 
was rejected because of a strong methodological 

specificity: several sites were sampled and pooled 
(Benabdelkader et  al. 2019). This operation 
changes the outcome of the diagnosis: the preva-
lence for various sites  – or even of the whole 
mouth – is measured, which consistently differs 
with the prevalence for a particular site, taking 
into consideration that parasites are not homoge-
neously scattered in a mouth.

The characteristics of the two included studies 
are presented in Table 5.3. The definition of the 
inclusion and exclusion parameters was not 
clearly stated in the Athari paper, resulting in a 
consistent risk of bias for the study (Table 5.4).

The prevalence for T. tenax in periodontal 
pockets is 38.6% (95%-CI: 27.2–50.0%), and 
1.6% in controls (95%-CI: 0.0–3.3%) pooling all 
the individuals from the different studies without 
applying weights.

Using meta-analysis methods, the overall rela-
tive risk using a fixed effects model is 21.82 
(95%-CI: 6.71–70.96), meaning that the preva-
lence is predicted to be 21.82 times as high in the 
periodontal pockets as in healthy sulci (Fig. 5.4). 
The results are homogeneous between the studies 
(I2 = 0%, p = 0.96). The high convergence should 
be moderated by the limited size of the sample of 
studies.

5.4  Discussion

In this meta-analysis, we have shown congruent 
results from analyses allowing to conclude that 
E. gingivalis and T. tenax are more abundantly 
detected in the periodontal environment during 
periodontitis than in healthy setups. It is notewor-
thy that there was no inconsistency in the direc-
tion of the effects since all the included studies 
have evidenced a higher prevalence in the sick.

However, a certain heterogeneity between the 
studies has been detected and reported in the 
Tables. In particular, the definition of the disease, 
which is diverse, should be unified using the 
world consensus published by AAP-EFP as a 
starting point (Tonetti et  al. 2018) even if the 
authors can provide supplementary parameters to 

D. F. Martin-Garcia et al.
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Fig. 5.3 Prisma flow diagram for the selection of studies about T. tenax

refine this classification afterwards. This is par-
ticularly obvious in the case of T. tenax because 
the parasite detection is correlated to disease 
severity (Bisson et al. 2018). Furthermore, some 
T. tenax strains are linked to the severity of the 
disease (Benabdelkader et al. 2019) and E. gingi-
valis ST1 and ST2 may have different prevalence 
patterns among periodontal diseases (see (Garcia 
et al. 2018a) and discussion below), meaning that 
the understanding of the interactions between 
parasites and their host cannot be summed up by 

an analysis of 3 interacting partners in two health 
states. Considering that the full periodontal 
microbiota could be a combination of several 
traits impacted by human genetics (Offenbacher 
et al. 2016), the Sisyphean task to build intelligi-
ble models of periodontitis pathophysiology inte-
grating all the kingdoms of the living may be in 
its infancy.

The Garcia and Dubar studies allowed us to 
split the results obtained for E. gingivalis ST1 
and ST2. Interestingly, even if the RR are equal 

5 Parasites in Periodontal Health and Disease: A Systematic Review and Meta-analysis



106

Table 5.3 Characteristics of the 2 studies included for T. tenax meta-analysis, and presentation of their results

Study
First author Athari Dubar
Year 2007 2019

Characteristics of 
the studies

Recruitment Case “periodontitis” Stage II-IV, 
grade A-C, 2 
pockets ≥ 5mm

Control “healthy” Not positive
Exclusion Not stated Medication 

modifying 
microbiota, 
antibiotics, root 
planing in the 
last 6 months, 
pregnancy

Other patient characteristics Not stated Not stated
Comments Different 

smoking habits 
between groups

PCR Sampling Curettage Paper point
Blinded treatment of samples 
(ascertainment)

Transferred to 
another service

Coded

Purification Phenol-chloroform 
extraction and 
alcohol precipitation

QIAamp DNA 
mini

Method PCR qPCR
Normalisation n/a no
Control of (i) inhibitors and 
(ii) degradation/purifcation

no no

Results Case Age est. 20–60 51
Sex ratio est. 0.88 0.76
Positive 16 11
Total 40 30
Prevalence 40.0% 36.7%

Control Age est. 20–60 55
Sex ratio est. 0.88 0.76
Positive 3 0
Total 160 30
Prevalence 1.9% 0.0%

Table 5.4 Modified Newcastle-Ottawa quality assessment scale, presenting the 2 studies included for T. tenax 
meta-analysis

Study
First author Athari Dubar Score
Year 2007 2019 (/domain)

Selection Adequacy of case definition Possible bias + 1/2
Representativeness of cases Possible bias + 2/2
Selection of controls + + 2/2
Definition of controls Possible bias + 1/2

Comparability Comparability of cases and 
controls

Possible bias ++ 2/4

Exposure Ascertainment of exposure + + 2/2
Same method for cases and 
controls

+ + 2/2

Score (/study) 3/8 8/8

D. F. Martin-Garcia et al.
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for the two subtypes, the prevalence is not. 
Indeed, for ST1, the prevalence in the sick was 
80.6% (Bonner), 57.8% (Garcia), 80.0% (Dubar), 
and 76.5% (Bao), while it was 50.0% (Garcia) 
and 23.3% (Dubar) for ST2 (see Table  5.1 for 
details). The higher prevalence of ST1 or 
ST1+ST2  in the healthy of the Garcia study is 
noteworthy (48.6% and 54.3%, respectively) and 
may reveal either methodological biases or speci-
ficities in the studied population. In this study, 
gingivitis patients with orthodontics were 
included and revealed a higher prevalence of ST2 
than in the controls (73.8% and 29.5%) and a 
lower prevalence of ST1 (47.5% in gingivitis 
patients and 48.6% in the healthy). The differ-
ence in infection patterns between these two sub-
types suggests that there may thrive on different 
environments or take part in their ecological 
equilibrium.

Some differences were also observed in pre-
vious studies for T. tenax, as reviewed by Bisson 
and colleagues (Bisson et al. 2019), the preva-
lence of the parasite ranging from 7.1% by 
microscopy (Ferrara et  al. 1986) to 28.2% by 
PCR (Benabdelkader et al. 2019) in the healthy, 
from 0% by microscopy (Ferrara et al. 1986) to 
32.3% by microscopy (Feki et al. 1981) in gin-
givitis sites, and from 32.3% by microscopy 
(Ferrara et  al. 1986) to 42.5% by PCR 
(Benabdelkader et  al. 2019) in periodontal 
patients. Though different detection techniques 
were used, putting these data together allows to 
extract a trend, which must be moderated by the 
fact that the prevalence of T. tenax is expected to 
be variable in the periodontitis group according 

to the severity of the disease (Bisson et  al. 
2018). In the case of E. gingivalis detection, a 
high variability in the prevalence in health 
groups calls for caution about the definition of 
health, which should not be simply defined as 
the cases excluded from the disease group but 
should respond to specific inclusion criteria. 
This would allow to differentiate between repet-
itive seeding with harmful parasites, taking into 
account incubation and early events of invasion, 
and commensal behavior, as already discussed 
elsewhere (Bonner et  al. 2014; Bonner et  al. 
2018). Further studies should include finer clas-
sification and more clinical parameters to better 
appreciate the ecology of the environments 
hosting and infected by both parasites, and a 
great effort is needed to define the environments 
devoid of them.

In a parallel manner, when looser inclusion 
criteria are applied and various diagnosis tech-
niques are included, the prevalence in the sick 
appears lower (37%, 95%-CI: 29–46) (Badri 
et al. 2021). Unfortunately, the methodology did 
not preclude the inclusion of studies without con-
trol groups: a relative risk is thus impossible to 
calculate. It is noteworthy that two studies here 
included were excluded from their analysis: the 
Bonner and Garcia studies, while a preprint of 
another one was included, in which Dr. Santi- 
Rocca is also a co-author (Yaseen et  al. 2020), 
highlighting the importance to precisely define 
inclusion and exclusion criteria, and to discuss all 
the eligible studies in the systematic review.

This incongruence between meta-analyses 
pinpoints the importance of a precise definition 

Fig. 5.4 Results of the meta-analysis, presented as a forest plot, for T. tenax

5 Parasites in Periodontal Health and Disease: A Systematic Review and Meta-analysis
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of the inclusion criteria in the studies and in the 
meta-analyses themselves. First, at the level of 
the studies, this allows the selection of a sharp 
subcategory within the periodontal diseases, 
which will be more reproducible. In the present 
meta-analysis, the Deng study was excluded 
because patients were chosen according to their 
bacterial profiles (Szafranski et al. 2015). This 
exclusion was motivated by the impossibility to 
relate to other studies but may be a valid way to 
make more homogeneous subgroups in order to 
define a precise type of periodontitis. Indeed, 
though conclusions with such low numbers of 
patients should be regarded with caution, it is 
noteworthy that 100% of periodontal cases 
were positive for E. gingivalis, with very rela-
tively high abundance of E. gingivalis tran-
scripts. This may be relevant at the 
pathophysiological level.

Making sub-categories seems to be a double- 
edged sword since it will not be representative of 
all the situations. But after a century of experi-
ments and models pre-supposing that the disease 
was driven by a single ecological environment 
with a unique immune response from the host, 
the scientific and medical community agrees on 
the fact that the disease evolves in several steps 
and might be of several types (Offenbacher et al. 
2016). The scientific community must wisely and 
cautiously dissect all these steps and should not 
yield to the temptation of oversimplification, 
which is, in the case of this complex disease, del-
eterious for the comprehension of its 
pathophysiology.

In the present meta-analysis, the choice 
between a wider inclusion and a loss of precision 
was not made, resulting in a very low number of 
included papers. This is the main weakness of 
this study, which highlights the need for the sci-
entific community to gather and unify the meth-
ods and define the contours of the future research 
in this field. A consensus about a common direc-
tion is needed.

New data about the pathogenicity of E. gingi-
valis suggest that the amoeba may not be sapro-

phytic as formerly described (Bao et  al. 2020; 
Bao et al. 2021) but invite us to reassess its role in 
periodontitis pathophysiology (Bonner et  al. 
2018). The pathogenicity of T. tenax is also ques-
tioned (Marty et al. 2017; Bisson et al. 2019).

It is too early to determine the role of the para-
sites in the pathophysiology of periodontitis, but 
their presence is undoubted and unequivocal. The 
amoeba E. gingivalis and the flagellate T. tenax 
can be formally defined as risk factors for peri-
odontitis. Future studies will determine which 
part they take in the pathophysiology of the dis-
ease and if they are bona fide prognosis markers 
and possible targets to control the disease.
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Abstract

The human oral cavity is a diverse ecological 
niche favorable for colonization by hundreds 
of different species of microorganisms. They 
include not only bacteria but also numerous 
species of fungi, many of which are able to 
cause opportunistic infections when the host’s 
immunity is impaired, predominantly by sys-
temic and chronic diseases like diabetes, pul-
monary diseases, renal disorders, or acquired 
immunodeficiency syndrome. Within the den-
tal biofilm and subgingival sites, fungi of the 
genus Candida are often found, also in indi-
viduals affected with periodontitis. Moreover, 
fungal species of other genera, including 
Malassezia, Aspergillus, Penicillium, and 
Rhodotorula were identified in the oral cavity 
as well. The wide range of various virulence 
factors and mechanisms displayed by fungal 

pathogens allows them effectively invading 
host tissues during periodontal infections. 
These pathogenicity-related mechanisms 
include firstly the fungal ability to adhere suc-
cessfully to the host tissues closely related to 
the formation of hyphae, the increase in the 
surface hydrophobicity, and the surface dis-
play of a wide variety of adhesins. Further 
mechanisms include biofilm formation and 
secretion of an armory of hydrolytic enzymes 
and toxins enabling the attack on host cells, 
modulation of the local inflammatory state, 
and evading the host immune system. In the 
pathogenesis of periodontitis, the significant 
role of fungal co-existence with key bacterial 
periodontopathogens has been demonstrated, 
and such interactions were primarily con-
firmed for Candida albicans and 
Porphyromonas gingivalis, where the pres-
ence of fungi ensured the survival of strictly 
anaerobic bacteria under unfavorable aerobic 
conditions. However, several other mecha-
nisms, including those related to the produc-
tion of quorum sensing molecules, might also 
be indicated as particularly important for syn-
ergistic or antagonistic interactions with a 
variety of bacterial species within mixed bio-
films. These interactions constitute an extraor-
dinary challenge for applying effective 
methods of combating biofilm-related infec-
tions in the periodontium without the risk of 
the development of drug resistance, the recur-
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rence of disease symptoms, and the progress 
of life-threating systemic complications.

Keywords

Fungi · Candida · Aspergillus · Virulence 
factors · Biofilm · Fungal-bacterial interaction 
· Periodontium

Abbreviations

Als Agglutinin-like sequence protein 
family

ECM Extracellular matrix
EPM Extracellular polysaccharide matrix
GAG Galactosaminogalactan
G-CSF Granulocyte colony-stimulating 

factor
GM-CSF Granulocyte-macrophage colony- 

stimulating factor
Hwp1 Hyphal wall protein 1
NET Neutrophil extracellular trap
NO Nitric oxide
ROS Reactive oxygen species
Sap Secreted aspartic proteinase
TLR Toll-like receptor
TNF-α Tumor necrosis factor α
QSM Quorum-sensing molecules

Patient Summary
The most common periodontal diseases are 
caused by various species of bacteria that 
colonize the oral cavity along with a broad 
spectrum of fungal pathogens. Bearing in 
mind the noticeable role of fungi in the 
pathogenesis of periodontal diseases, the 
effective treatment should consider the 
increased resistance of mixed subgingival 
dental biofilm to antibiotics and antimycot-
ics. The use of appropriately selected ther-
apy increases the chances of a complete 
cure for periodontal diseases and reduces 
future recurrence risk.

Considerations for Practice

• The documented relationship between 
periodontal diseases and a healthy life-
style confirms that proper oral hygiene 
and smoking cessation may increase the 
chances of long-term oral health

• Controlling and systematically remov-
ing the biofilm from supragingival sites 
is an effective method of maintaining 
healthy gums

• In patients with chronic diseases like 
diabetes mellitus, chronic pulmonary 
diseases, or chronic kidney diseases, the 
prevention and treatment of periodonti-
tis should be planned individually

Highlights

• Several fungal species from genera 
Candida, Rhodotorula, Penicillium, 
Aspergillus, and Malassezia belong to 
the human oral microbiome and some of 
them may be important in the pathogen-
esis of periodontitis

• Conditions associated with decreased 
immunity may lead to the development 
of periodontal disease associated with 
the presence of fungi in subgingival 
sites

• Several fungal virulence factors, includ-
ing adhesins, toxins, and hydrolytic 
enzymes, may contribute to the develop-
ment of periodontitis

• The coexistence of fungi with key bac-
terial periodontopathogens within the 
periodontium may affect the pathogen-
esis of periodontitis

J. Karkowska-Kuleta et al.
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6.1  Fungal Species as a Part 
of the Microbiome 
of the Human Oral Cavity

The human oral cavity has one of the most diverse 
microbiomes, comprising about six hundred spe-
cies of bacteria and about one hundred fungal 
species (Ghannoum et  al. 2010; Dewhirst et  al. 
2010; Baumgardner 2019). Its humid, warm, and 
nutrient-rich environment is divided into several 
niches, including the tongue, cheeks, palate, ton-
sils, gingival pockets, teeth, and saliva, which 
enable the coexistence of numerous microorgan-
isms within the complex and protecting structure 
which is a biofilm. A well-known example is a 
dental biofilm in which various bacterial species 
may collectively coexist and form communities 
both above the gingival line (supragingival sites) 
and below the gingival line (subgingival sites) 
(Könönen et  al. 2019). Collaborating, they can 
modulate the host’s defense response, thus ensur-
ing successful colonization associated often with 
the development of two of the most common oral 
cavity disorders—caries and periodontitis (Marsh 
2006; Murakami et al. 2018; Valm 2019).

Contrary to bacteria, fungal microbiome pro-
file has been so far poorly characterized in par-
ticular with regard to species belonging to genera 
other than Candida. Furthermore, their presence 
in the oral cavity is often limited to diseases asso-
ciated with mucosal infections (Hellstein and 
Marek 2019). The first study characterizing the 
fungal microbiome in healthy people’s oral cav-
ity was presented a decade ago and identified 101 
species of fungi from oral wash samples using 
molecular biology methods (Ghannoum et  al. 
2010). The most frequently isolated genera were 
Candida, Cladosporium, Aureobasidium, 
Saccharomycetales, Aspergillus, Fusarium, and 
Cryptococcus. The later studies additionally indi-
cated Penicillium, Schizophyllum, Rhodotorula, 
and Gibberella as fungi commonly found in the 
oral cavity of healthy people (Monteiro-da-Silva 
et al. 2014; Peters et al. 2017).

Despite the widespread use of oral hygiene 
products, the periodontal disease remains one of 
the most common diseases affecting adults and 
children (Kinane et  al. 2017). Supragingival 

microbes are responsible for the mild course of 
gingivitis, and root caries disease. Subgingival 
species accelerate the destruction of the tissues 
that support the teeth and might cause severe 
periodontitis (Shi et  al. 2018a; Könönen et  al. 
2019). The main species in the supragingival 
sites are Candida, Malassezia, Cryptococcus, 
Saccharomyces, Trichoderma, and Cladosporium, 
but their abundance fluctuates when caries occurs 
(Fechney et  al. 2019; Baraniya et  al. 2020). 
Despite the diverse microbiome of individual 
niches in the oral cavity, the only species isolated 
from the subgingival sites of healthy individuals 
were Candida albicans and C. dubliniensis 
(Reynaud et  al. 2001; Urzúa et  al. 2008; 
Canabarro et al. 2013; Babitha et al. 2018), which 
suggests that periodontal pockets are not a favor-
able site for fungal microorganisms (Urzúa et al. 
2008; Jewtuchowicz et  al. 2008). However, in 
patients with chronic periodontitis, C. dublinien-
sis, C. parapsilosis, C. tropicalis, and C. glabrata 
were abundantly isolated (Babitha et  al. 2018; 
De-la-Torre et al. 2018), but there was no correla-
tion between the degree of colonization and the 
depth of periodontal pockets (Babitha et  al. 
2018). Moreover, species such as C. parapsilosis, 
C. dubliniensis, C. tropicalis, and Rhodotorula 
spp. have been identified in the subgingival bio-
film of patients with severe chronic periodontitis 
but always as associated with C. albicans 
(Canabarro et al. 2013). The diversity of fungal 
communities in the oral cavity is summarized in 
Table 6.1.

6.2  Factors Predisposing 
to Fungal Infections 
in the Periodontium

Among several factors predisposing to the devel-
opment of periodontitis associated with an oral 
fungal infection should be considered specific 
genetic conditions, primarily increasing the sus-
ceptibility of particular individuals to the pro-
gression of this inflammatory-related infectious 
disease. However, other risk factors are impor-
tant, including acquired systemic diseases that 
weaken the human organism’s ability to defend 

6 Fungi—A Component of the Oral Microbiome Involved in Periodontal Diseases



116

against oral opportunistic pathogens. The specific 
environmental risk factors should not be underes-
timated either (Fig.  6.1) (Page and Kornman 
1997; Johansson and Dahlén 2018).

One of the main medical conditions that might 
contribute to the onset or exacerbation of pre- 
existing symptoms of fungal-related periodontal 
disorders is the infection with the human immu-
nodeficiency virus (HIV) and the subsequent 
development of acquired immunodeficiency syn-
drome (AIDS) (Aas et al. 2007). The analysis of 
samples taken from HIV-positive patients with 
periodontal lesions showed intense colonization 
of the oral cavity by yeasts C. albicans and S. 
cerevisiae (Aas et al. 2007).

The development of periodontal disease may 
also be influenced by cancer diseases leading to 
general immunosuppression. Qualitative and 
quantitative changes in the oral microbiome have 

been reported in patients with hematological neo-
plasms, where, in addition to C. albicans, have 
been found other Candida species—C. glabrata, 
C. tropicalis, C. krusei, C. parapsilosis or C. 
kefyr (Schelenz et al. 2011; Aslani et al. 2018).

The incidence of prolonged inflammation 
related to periodontitis has been frequently 
reported as associated with chronic systemic dis-
eases, and the observed relationship was often 
suggested to be bidirectional, where the occur-
rence and severity of one condition correlated 
with an increased risk of the other disorder 
(Wahid et  al. 2012; Casanova et  al. 2014; Hou 
et al. 2017). Although more extensive research on 
this issue is still required due to the high hetero-
geneity of the previously reported studies, the 
interdependence of periodontitis and diabetes 
mellitus, chronic pulmonary diseases, or chronic 
kidney diseases has been suggested so far (Taylor 
et  al. 2004; Shi et  al. 2018b; Zhao et  al. 2018; 
Kapellas et  al. 2019; Norhammar et  al. 2019). 
Under such concomitant conditions weakening 
the immune system, Candida yeasts were often 
identified within the group of microorganisms 
isolated from the subgingival dental biofilm in 
individuals suffering from periodontitis (Javed 
et al. 2009; Bastos et al. 2011; Sardi et al. 2012a; 
Matić Petrović et al. 2015). In the case of patients 
with well-controlled and poorly controlled diabe-
tes mellitus, both the most common Candida 
species—C. albicans—and other species of the 
genus, including C. glabrata, were isolated from 
periodontal tissues affected by inflammation 
(Melton et al. 2010; Hammad et al. 2013). It was 
also previously reported by Sardi et al. (2011b) 
that patients with co-morbid chronic periodonti-
tis and diabetes showed greater colonization of 
the periodontal pockets and furcation sites by 
various species of the genus Candida, with the 
predominance of C. dubliniensis and C. albicans, 
in comparison to non-diabetics. Also, in these 
studies, two other Candida species—C. tropica-
lis and C. glabrata—were identified in subgingi-
val biofilm exclusively in diabetic patients (Sardi 
et al. 2011b). Other studies also indicated that the 
prevalence of Candida species in subgingival 
sites was higher in diabetics with poor glyco- 
regulation, and the most frequent species isolated 

Table 6.1 The most common species of fungi isolated 
from selected niches within the oral cavity

Dental 
biofilm

Subgingival 
sites

Root 
canals

Candida
    C. albicans + [a] +, # [b-k] + [l, m]

    C. glabrata # [b, f-i, k, n, o] + [p, r]

    C. tropicalis # [b, e, h, i, k, n, o]

    C. 
parapsilosis

# [b, e, k, n]

    C. 
dubliniensis

+ [a, s] +, # [b, c, e, t]

    C. krusei # [u] # [k, o]

    other 
Candida spp.

# [u] # [k] + [p, r]

Malassezia + [a]

Saccharomyces + [a]

Aspergillus + [a] # [j] # [w, x]

Penicillium + [a, s] # [w]

Rhodotorula + [a, s] # [e] + [m]

+ fungi identified in healthy people’s oral cavity, # fungi 
identified in patients with periodontal disease, a(O’Connell 
et al. 2020); b(Babitha et al. 2018); c(Urzúa et al. 2008); 
d(Reynaud et al. 2001); e(Canabarro et al. 2013); f(Melton 
et al. 2010); g(Hammad et al. 2013); h(Sardi et al. 2011b); 
i(Matic Petrovic et  al. 2019); j(Kamma et  al. 1999); 
k(Brusca et al., 2010); l(Baumgartner et al. 2000); m(Egan 
et  al. 2002); n(De-la-Torre et  al. 2018); o(Santhana 
Krishnan et al. 2020); p(Waltimo et al. 1997); r(Waltimo 
et al. 2003); s(Fechney et al. 2019); t(Jewtuchowicz et al. 
2008); u(Brusca et  al. 2010); w(Gomes et  al. 2010); 
x(Gomes et al. 2015)
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from subgingival areas in such patients was C. 
albicans followed by C. glabrata and C. tropica-
lis (Matic Petrovic et  al. 2019). Furthermore, it 
was also shown that in the case of patients with 
chronic kidney disease, periodontitis was charac-
terized by greater severity and increased fre-
quency of C. albicans and red-complex bacteria, 
compared with a control group of patients (Bastos 
et al. 2011).

Other factors that increase periodontal disease 
risk are dental procedures, such as endodontic 
treatment, which expose recessed dental struc-
tures. The most commonly isolated species from 
infected root canals were C. albicans, R. muci-
laginosa, C. glabrata, C. guilliermondii and C. 
inconspicua; however significant correlation with 
the presence of these yeasts in saliva was found 
(Waltimo et  al. 1997, 2003; Baumgartner et  al. 
2000; Egan et al. 2002). C. albicans, as a denti-
nophilic species with an invasive affinity for the 
dentin smear layer and dental tubules, can form a 
complex biofilm in root canals. The possibility to 
dentin colonization provides yeasts access to 
nutrients and protects them from the action of 
antifungal drugs, thus these species becoming 
one of the causes of persistent cases of apical 

periodontitis (Siqueira and Sen 2004; Ghogre 
2014). In addition to the C. albicans species, in 
root canals with pulp necrosis and periapical 
lesions, filamentous fungi of the genus 
Aspergillus, Penicillium, and Fusarium were also 
identified (Gomes et  al. 2010, 2015); however, 
they have not yet been identified as dentinophilic 
species (Siqueira et  al. 2002). Besides, the 
implant sites have been shown to provide an 
attractive microenvironment that fosters uncon-
trolled microbial biofilms (Øilo and Bakken 
2015); however, the fungal profile depends on the 
implant’s clinical condition. C. dubliniensis and 
Cladosporium cladosporioides predominate in 
healthy implantation sites. In contrast, in samples 
taken from peri-implantation sites, dominate C. 
albicans, C. boidinii, Penicillium spp., R. laryn-
gis, Paecilomyces spp., Saccharomyces and Cl. 
cladosporioides. The coexistence of fungi with 
Parvimonas micra and Tannerella forsythia was 
found in healthy and diseased peri-implant sites 
(Schwarz et al. 2015).

One of the most important risk factors for 
periodontitis associated with environmental con-
ditions and the chosen lifestyle is cigarette smok-
ing (Tomar and Asma 2000). The samples of 

Fig. 6.1 Factors predisposing to oral fungal infections
Environmental factors, dental treatments, chronic and 
immunological diseases contribute to the differentiation 
of the oral microbiome profile. Qualitative and quantita-
tive changes in the fungi present in the oral cavity are 

associated with an increased risk of periodontal diseases. 
The species of fungi whose relationship with the develop-
ment of periodontal diseases is discussed in the text below 
are in bold
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subgingival sites obtained from smokers with 
early-onset periodontitis were characterized by 
the noticeably higher incidence of bacterial peri-
odontopathogens and fungi A. fumigatus and C. 
albicans (Kamma et al. 1999). Current research 
confirms the presence of other species of the 
Candida genus in the subgingival sites and saliva 
of smokers with chronic periodontitis, including 
C. krusei, C. tropicalis and C. glabrata (Santhana 
Krishnan et al. 2020). Moreover, it has been dem-
onstrated that both cigarette smoke and e- cigarette 
vapor might significantly increase the overall 
virulence potential of C. albicans and enhance 
the adhesion of fungal cells to the gingival epi-
thelial cells and fibroblasts, thereby increasing 
the pathogenicity of fungi during infections 
localized in the oral cavity and periodontium 
(Alanazi et al. 2014, 2019).

Other environmental factors may also contrib-
ute to the increased colonization of subgingival 
sites by Candida fungi, including changes in the 
hormonal balance caused by oral contraceptives. 
As reported by Brusca et al. (Brusca et al. 2010), 
the oral administration of ethinyl estradiol, ges-
todene, and drospirenone, combined with ciga-
rette smoking, caused a statistically significant 
increase in the incidence of severe periodontitis, 
and under such conditions, different species of 
the genus Candida, including C. parapsilosis, C. 
glabrata, C. tropicalis, C. krusei, C. albicans, 
and C. guilliermondii were isolated from the gin-
gival pockets. In most cases, yeast isolates were 
identified together with bacterial periodontal 
pathogens, such as Actinobacillus actinomy-
cetemcomitans, Prevotella intermedia and 
Porphyromonas gingivalis (Brusca et al. 2010).

6.3  Virulence Factors Involved 
in the Fungal Invasion 
of Periodontal Tissue

The participation of fungi in the development of 
periodontal disease might be related to the exploi-
tation of a number of virulence factors by fungal 
pathogens that allow them to efficacious adhe-
sion to host tissues followed by their invasion and 

destruction as well as effective avoiding the 
host’s immune response (Fig. 6.2). The mecha-
nisms related to the pathogenicity of fungi are 
based on the morphological polymorphism and 
the formation of adhesive filamentous forms, 
production of protective cellular envelopes, expo-
sition of surface adhesins, biofilm formation and 
the ability of intercellular communication within 
it, enhancement of environmental stress resis-
tance, and secretion of hydrolytic enzymes and 
toxins (Karkowska-Kuleta et al. 2009). Also, the 
coexistence of fungi with bacterial key periodon-
topathogens in the subgingival sites is considered 
as a factor contributing to the pathogenicity of 
fungi identified in the periodontal lesions 
(O’Donnell et al. 2015; Delaney et al. 2018).

6.3.1  Adhesion and Biofilm 
Formation

The adhesion of pathogen cells to the host tissues 
or the surface of artificial materials located in the 
oral cavity is one of the first and crucial steps in 
initiating colonization and further invasion by a 
microorganism (Nikawa et  al. 2006). In fungi, 
there are several mechanisms associated with the 
enhancement in cell adhesiveness and surface 
hydrophobicity, including the presentation of a 
wide range of different adhesive proteins and 
N-linked glycans on their cell surface (Glee et al. 
1995; Masuoka and Hazen 2004; El-Kirat-Chatel 
et al. 2015; Hoyer and Cota 2016). These proper-
ties are also associated with the microbial ability 
to form biofilms as structures more resistant to 
adverse environmental conditions and the host’s 
immune system activity (Kucharíková et  al. 
2015; Silva-Dias et al. 2015).

The most frequently described yeast adhesins, 
that are typically multidomain proteins equipped 
with N- and O-linked polysaccharide chains and 
a glycosylphosphatidylinositol (GPI) anchor, are 
agglutinins and flocculins of S. cerevisiae, lectin- 
like Epa (epithelial adhesin) protein family of 17 
members, six adhesins Awp (adhesin-like wall 
proteins) and seven Pwp proteins (PA14- 
containing wall protein) of C. glabrata and C. 

J. Karkowska-Kuleta et al.



119

albicans adhesins from Als (agglutinin-like 
sequence) protein family consisting of eight 
members (Als1–7 and Als9), (Hoyer 2001; 
Verstrepen and Klis 2006; Dranginis et al. 2007; 
de Groot et  al. 2008; Kraneveld et  al. 2011; 
Timmermans et  al. 2018). Other important C. 
albicans adhesins are Hwp1 (hyphal wall pro-
tein), Eap1 (enhanced adhesion to polystyrene), 
and Csh1 (cell surface hydrophobicity), while the 
latter is also indicated as essential for C. dublini-
ensis cell surface hydrophobicity and virulence 
(Singleton et  al. 2001, 2005; Li and Palecek 
2003; Hazen 2004; Naglik et al. 2006; Ene and 
Bennett 2009). In the case of C. albicans, C. 
parapsilosis and C. glabrata it was shown that 
cell surface hydrophobicity correlates with adhe-
sion to human buccal epithelial cells and denture 
acrylic surfaces (Panagoda et al. 2001; Luo and 
Samaranayake 2002). Also, it was reported that 
cells of C. albicans strain, isolated from patients 
with chronic periodontitis and diabetes that 
showed high surface hydrophobicity had a greater 
ability to adhere and invade human gingival 
fibroblasts (Sardi et al. 2012b).

The change in the morphological form and the 
formation of hyphae, on which surface typical 
adhesive proteins are abundantly exposed, may 
also increase the adhesiveness of Candida yeasts 
(Kumamoto and Vinces 2005; Tronchin et  al. 
2008; Mayer et  al. 2013). Hyphal growth of C. 
albicans cells was previously considered as 
essential for penetration into gingival tissues in 
chronic periodontitis (Jarvensivu et  al. 2004). 
The cigarette smoke condensate promoted the 
hyphae formation by C. albicans, increased 
expression of HWP1 and EAP1 genes, biofilm- 
forming ability, and fungal adhesion to human 
gingival fibroblasts, whereas e-cigarette vapor 
stimulated the binding of fungi to gingival epi-
thelial cells and elongation of hyphae (Alanazi 
et al. 2014, 2019; Semlali et al. 2014).

In the case of A. fumigatus, the mechanisms of 
fungal adhesion are not sufficiently well under-
stood. Initially, it was pointed out that some pro-
teins of the conidia surface, including conidial 
hydrophobin RodA, 37-kDa allergen Asp f 2, and 
extracellular thaumatin domain protein (AfCalA) 
may bind to host ligands (Thau et  al. 1994; 

Fig. 6.2 Host responses induced by the fungal virulence 
factors
The mechanisms related to the pathogenicity of fungi 
include morphological polymorphism, production of sur-

face adhesins, biofilm formation, and secretion of hydro-
lytic enzymes and toxins. These mechanisms influence 
the invasion of the host’s tissues, their destruction, and 
modulation of the host’s immune system
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Banerjee et  al. 1998; Upadhyay et  al. 2009). 
However, the major role in the adhesion of these 
fungi to plastic, fibronectin, intact basal lamina, 
and the epithelium is generally assigned to 
surface- exposed negatively charged carbohy-
drates and galactosaminogalactan (GAG) 
(Wasylnka and Moore 2000; Gravelat et al. 2013; 
Rambach et al. 2015).

6.3.2  Fungal Hydrolytic Enzymes 
and Toxins

The hydrolytic activity is essential for fungal 
pathogens to obtain nutrients, degrade host tis-
sues and proteins during the invasion, and evade 
the immune system response. Therefore fungi 
secrete extracellularly or present on their cell sur-
face a variety of hydrolytic enzymes, including 
lipases, phospholipases, phosphatases, proteases, 
and hemolysins (Barrett-Bee et  al. 1985; 
Robinson et al. 1990; Monod et al. 1994; Hube 
et  al. 2000; Luo et  al. 2001; Wartenberg et  al. 
2011).

One of the groups of yeast hydrolases that 
have been most thoroughly described regarding 
their involvement in the pathogenesis is secreted 
aspartic proteinases (Sap). Two catalytic Asp 
residues being a part of an Asp-Ser-Gly/Asp-Thr- 
Gly motif are responsible for the Sap hydrolytic 
activity at acidic pH as optimal (Koelsch et  al. 
2000; Rapala-Kozik et al. 2018). In the case of C. 
albicans, there are identified ten members of the 
SAP gene family (SAP1–10), three for C. parap-
silosis (SAPP1–3), and four for C. tropicalis pro-
teinases (SAPT1–4) (Zaugg et al. 2001; Hube and 
Naglik 2001; Singh et al. 2019). The broad sub-
strate specificity of Saps ensures the participation 
of these proteins not only in the acquisition of 
nutrients, adhesion, and tissue damage but also 
additionally in many processes related to the 
interaction with host proteins, including the deg-
radation of antimicrobial peptides, the modula-
tion of inflammatory state or the deactivation of 
the complement system (Villar et al. 2007; Gropp 
et al. 2009; Bras et al. 2012, 2013; Kozik et al. 
2015; Svoboda et  al. 2015; Bochenska et  al. 

2015, 2016; Yu et  al. 2016; Singh et  al. 2019). 
The genome of C. glabrata contains at least 11 
genes encoding yapsins (YPS)—extracellular 
glycosylphosphatidylinositol-linked aspartyl 
proteases also involved in fungal adhesion, viru-
lence and cell wall maintenance (Kaur et  al. 
2007; Rasheed et al. 2018).

Other pathogenic fungi—A. fumigatus also 
produce aspartyl proteinases, including 38 kDa 
Pep1 protein (Reichard et al. 1994), 32 kDa ser-
ine protease Alp1 (Reichard et  al. 1990) and 
metalloproteinase Mep1 (Shende et  al. 2018). 
The latter two were identified as responsible for 
the degradation of the complement system com-
ponents (Behnsen et  al. 2010; Shende et  al. 
2018).

Apart from proteolytic activity, also other 
hydrolytic enzymes are essential for fungal viru-
lence. In C. albicans, such enzymes also include 
the lipase family consisting of 10 members 
(LIP1–10) (Hube et al. 2000) and different phos-
pholipases. Of the Candida family of phospholi-
pases, the best described is the extracellular 
phospholipase Plb1—a lipolytic enzyme consid-
ered as an important virulence factor of C. albicans 
(Leidich et  al. 1998; Hruskova-Heidingsfeldova 
2008). Phospholipase activity was also detected 
for A. fumigatus, and assigned for proteins 
afPLB1, afPLB3, and phospholipase D (Shen 
et  al. 2004; Li et  al. 2012). Furthermore, for 
pathogenic representatives of different fungal 
genera, extracellular hemolytic activity is very 
important in virulence since it allows them to 
obtain iron from host erythrocytes in the infec-
tious site (Manns et  al. 1994; Luo et  al. 2001; 
Kaveemongkonrat et al. 2019).

In addition to enzymatic proteins, also toxins 
play a significant role in the pathogenesis of fun-
gal infections. C. albicans secreted cytolytic 
toxin—candidalysin, which is released from the 
Ece1 (extent of cell elongation) protein by the 
Golgi-located Kex2 protease, has been identified 
recently as one of the key virulence factors 
(Moyes et al. 2016). This secreted candidal toxin 
is involved in the direct damage of the epithelial 
cells by their permeabilization but can also acti-
vate pro-inflammatory host protection by mono-
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nuclear phagocytes (Naglik et  al. 2019; König 
et al. 2020).

A wide variety of toxins are produced also by 
fungi other than Candida species, including A. 
fumigatus, for which several toxic secondary 
metabolites have been shown to contribute sig-
nificantly to fungal pathogenicity (Rementeria 
et al. 2005). Among the best described mycotox-
ins of A. fumigatus are gliotoxin and fumagillin. 
Gliotoxin is an immunosuppressive and cytotoxic 
molecule highly affecting fungal virulence and 
responsible for the inhibition of the respiratory 
burst and phagocytosis, and the stimulation of 
apoptosis in leukocytes (Reeves et  al. 2004; 
Sugui et al. 2007; Gayathri et al. 2020). Whereas 
fumagillin exhibits antiangiogenic properties 
through the irreversible inhibition of methionine 
aminopeptidase (MetAP) type 2 (Sin et al. 1997), 
it has also the ability to reduce the activity of neu-
trophils (Fallon et al. 2010) and is involved in the 
damage of the epithelial cells during infection 
(Guruceaga et al. 2018).

6.3.3  Fungal—Host Interactions

C. albicans Als3 protein enables effective inva-
sion of the oral epithelium through binding to 
E-cadherin, cell adhesion molecule forming 
adherens junctions (Phan et al. 2007). Such inter-
action induces microfilament rearrangement, 
which activates hyphal endocytosis through the 
endothelial layer, allowing the invasion of tissues 
(Phan et al. 2007). It has been shown that the con-
tact of fungal adhesins with gingival fibroblasts 
induces the production of proinflammatory fac-
tors such as tumor necrosis factor α (TNF-α), 
interleukin-1β (IL-1β), interleukin 13 (IL-13) by 
the activation of toll-like receptor 2 (TLR2) 
expressed on the cell surface (Pinheiro et  al. 
2018). Additionally, data presented by Sardi et al. 
indicated that gingival fibroblasts respond to fun-
gal adhesion by producing nitric oxide (NO). A 
high concentration of NO in the microenviron-
ment of periodontal disease may have a cytotoxic 
and cytostatic effect against infected cells and 
results in rapid tissue damage (Sardi et al. 2012b).

Adhesion to the surface of host proteins is a 
critical step in the initiation of biofilm formation 
(Phan et al. 2007). The appearance of such com-
plex structures is a considerable challenge for the 
immune system, and the host cell response is 
closely dependent on the phase of biofilm devel-
opment. At the initial stage of infection, access to 
the fungal cells is easier, and the immune system 
is effectively activated, mostly by recognizing the 
elements of the microbial cell wall or the secreted 
proteins. However, to date, several examples of 
the attenuation of the host cell’s innate response 
to mature biofilm infections have been described. 
The main barrier that effectively hinders contact 
of the immune system with pathogen cells is the 
dense extracellular matrix (ECM) layer surround-
ing the mature biofilm (Sandai et  al. 2016). 
Neutrophils, the first white blood cells recruited 
to the infection site, are equipped with several 
killing mechanisms, among which the most 
important in the context of fighting extensive fun-
gal infections is the netosis process (Urban et al. 
2006, 2009). During netosis, activated neutro-
phils release decondensed chromatin fibers, dec-
orated with antimicrobial proteins derived from 
granules (NET) (Brinkmann et  al. 2004). The 
research revealed that netosis is an effective 
mechanism to prevent invasion by large-size 
microorganisms that are relatively difficult to 
neutralize by phagocytosis (Branzk et al. 2014), 
including the filamentous forms of Candida and 
Aspergillus spp. Johnson et al. indicated that con-
tact of neutrophils with C. albicans biofilm 
impairs NET release, making biofilm more resis-
tant to neutrophil attack (Johnson et  al. 2016). 
This inhibitory effect appears to be related to the 
presence of a high concentration of polysaccha-
rides—the main components of ECM. It has been 
shown that C. albicans biofilms also resist attack 
by monocytes. Studies conducted on monocyte- 
like cell line THP-1 indicated the downregulation 
of TNF-α production, compared to planktonic 
cells (Katragkou et  al. 2010). Inhibition of the 
production of this cytokine contributes to a sig-
nificant reduction of phagocytosis. Taking into 
consideration that TNF-α has been shown to 
directly inhibit C. albicans biofilm formation by 
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interaction with N,N′-diacetylchitobiose, this 
mechanism may represent an evolutionary adap-
tion of fungal biofilm to immune system evasion 
(Kernien et al. 2017; Rocha et al. 2017). Similar 
results, indicating a protective role of ECM, were 
obtained for Aspergillus biofilms. In this case, the 
ECM’s most essential components are galacto-
mannan and GAG (Loussert et  al. 2010). The 
secreted enzyme Agd3 deacetylates these ECM 
components. Such modification is a critical step 
in forming A. fumigatus biofilms, ensuring the 
adhesion to anionic surfaces, including host tis-
sues (Lee et al. 2016). Moreover, cell wall-bound 
GAG has been shown to influence the resistance 
of Aspergillus to neutrophil killing, probably by 
inhibition of NET binding to hyphae (Lee et al. 
2015).

The main consequence of fungal proteolytic 
activity for a broad spectrum of host peptides and 
proteins, including lactoferrin, lactoperoxidase, 
cathepsin D, albumin, hemoglobin, LL37, 
histatin, contact system components, and the 
extracellular matrix proteins (Naglik et al. 2003; 
Rapala-Kozik et al. 2010, 2015) is their hydroly-
sis by Saps. Sap1–3 has been shown to degrade 
complement components preventing yeast opso-
nization and phagocytosis (Gropp et  al. 2009). 
Saps are also the main fungal proteins involved in 
the penetration of the epithelium layer through 
the degradation of E-cadherin, mainly due to the 
activity of Sap5, which contributes to the destruc-
tion of host tissues (Villar et  al. 2007). These 
enzymes might also activate the innate immune 
response. It has been indicated that Saps exhibit 
strong chemoattractant properties and drive the 
influx of neutrophils and macrophages to the 
place of infection and these proinflammatory 
properties are rather independent of proteolytic 
activity (Pietrella et  al. 2010; Gabrielli et  al. 
2016). Through the activation of Akt/NF-κB 
pathway, Saps activate the expression of a broad 
spectrum of cytokines such as IL-1β, IL-6, and 
TNF-α (Pietrella et al. 2010).

Furthermore, Saps are involved in the activa-
tion of ROS generation and have the potential to 
induce NET formation (Hornbach et  al. 2009; 
Zawrotniak et al. 2017). This mechanism may be 

of particular importance in the context of effec-
tive protection against oral infections, as it has 
been shown that neutrophils isolated from the 
peripheral blood and gingival crevice from indi-
viduals with periodontitis have significantly 
reduced phagocytic properties (Asif and 
Kothiwale 2010). In contrast to Saps, the role of 
C. albicans phospholipases in pathogenesis is not 
so well elucidated. Phospholipases facilitate the 
adhesion of yeast to the tissue surface and 
degrade the components of biological mem-
branes, which are mainly composed of phospho-
lipids (Sardi et al. 2010).

Also, cadidalysin, the main toxin produced 
by C. albicans, plays a critical role in develop-
ing oral infections (Moyes et  al. 2016; Pellon 
et al. 2020). Moyes et al. demonstrated for the 
first time that at the early stages of infection, 
this peptide induces a strong inflammatory 
response in epithelial cells, including the pro-
duction of IL-6, IL-1 α/β, GM-CSF (granulo-
cyte-macrophage colony-stimulating factor), 
G-CSF (granulocyte colony-stimulating fac-
tor), CCL20, antimicrobial peptides 
(β-defensins), and damage- associated molecu-
lar patterns (IL-1α and S100A8/9) via p-MKP1/
c-Fos pathway (Moyes et al. 2010, 2014; Verma 
et al. 2017). Accumulation of candidalysin dur-
ing the progression of the infection causes 
direct tissue damage through the mechanism of 
intercalation, permeabilization, and calcium 
influx (Moyes et al. 2016). The rapid release of 
IL-1α and its synergistic role with EGFR 
ligands on the innate activation of human oral 
epithelial cells being the effect of candidalysin 
was also confirmed (Hanaoka and Domae 2020) 
and it was proved that candidalysin induces the 
release of antimicrobial peptides hBD2, hBD3 
and LL37 and  epithelial alarmins ATP, ROS/
RNS and S100A8 during oral yeast infection 
(Ho et  al. 2020). Moreover, candidalysin-
induced production of IL-1α/β drives the acti-
vation of a specialized subpopulation of 
lymphocytes TH17 expressing IL-17 (Verma 
et  al. 2017). IL-17 production plays a crucial 
role in modulating the antifungal response 
(Mengesha and Conti 2017).
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6.4  The Mixed-Species Biofilm 
Formation 
in the Periodontitis: 
Mechanism of Mutual 
Interactions Between Fungi 
and Bacteria

For many years, the common oral fungal coloniz-
ers were considered to be of minor importance in 
periodontal diseases. However, the observation 
that fungi can form multispecies biofilms with 
different types of bacteria has shed new light on 
the role of these microorganisms in periodontitis 
(Peters et  al. 2017; Sultan et  al. 2018; Delaney 
et al. 2018). The mixed-species microbial biofilm 
has a supragingival and subgingival location, 
where metabolic diversity encourages different 
species to aggregate and compete for space and 
nutrients (Aruni et al. 2015).

The formation of a polymicrobial community 
starts with the attachment of early colonizers to 
the tooth surface. The bacteria are represented by 
oral streptococci and Actinomyces species, which 
form the best environment for further appearance 
of bridging colonizers such as Fusobacterium 
nucleatum. Finally, the late colonizers—the red 
complex species: P. gingivalis, T. forsythia, and 
Treponema denticola find the best condition for 
existence, becoming the keystone species of peri-
odontal disease (Könönen and Müller 2014; Mira 
et al. 2017; Manji et al. 2018; Valm 2019). Among 
them, P. gingivalis is also identified as a signifi-
cant risk factor for developing cardiovascular dis-
ease (Oliveira et  al. 2015), diabetes (Lamont 
et  al. 2018), rheumatoid arthritis (Koziel et  al. 
2014), and Alzheimer’s or Parkinson’s diseases 
(Dominy et al. 2019; Olsen et al. 2020).

The biofilm cell mass is covered by an extra-
cellular matrix that includes polysaccharides, lip-
ids, and glycoproteins, not only of microbial but 
also of host origin. The biofilm matrix plays a 
unique role in protecting the formed microbial 
consortium against external factors, i.e. host 
defense factors, antioxidants, or antibiotics used 
in anti-biofilm therapies (Bowen et al. 2018).

During multispecies biofilm progression, 
identified fungal species can interact with bacte-
ria, and the interactions may vary from synergism 

to competition or antagonism. Moreover, depend-
ing on the population diversity, opportunistic 
organisms, like yeasts belonging to Candida spe-
cies, may switch from commensals to pathogens, 
equipped with an additional set of virulence fac-
tors. In periodontitis, the main synergistic micro-
bial interactions were identified primarily for C. 
albicans, where fungal biofilm supports the 
milieu changes from aerobic to anaerobic (Fox 
et  al. 2014), favoring the growth of Gram- 
negative obligate anaerobes. The microbial 
quorum- sensing molecules (QSM) or metabolic 
by-products may be useful in mutual pathogen 
communication. Moreover, the first colonizer’s 
primary host tissue infection may predispose host 
cells to facilitate colonization by the subsequent 
pathogen (Basavaraju et al. 2016). On the other 
hand, the competition between the interacting 
microbes for nutrition or binding sites can restrict 
early facultative aerobes’ growth, giving the late 
colonizer space for propagation.

The changes in the bacterial composition 
within mixed biofilm create a necessity for the 
lifestyle adaptation for fungi and modifying their 
interactions with emerging new bacterial part-
ners. The different omic approaches supported 
the knowledge about the interactions and meta-
bolic responses of microbial community mem-
bers (Shokeen et  al. 2021). These mutual 
microbial interactions can affect health or disease 
progression in the host organism. But the host 
activity can also impact the biofilm composition 
and the interplay between coexisting microbes by 
the immune system responses or divergences in 
the nutrient supply (Marsh and Zaura 2017; 
Lamont et al. 2018).

6.4.1  Synergistic Interactions

The mutual interaction of bacteria with fungi 
may be considered on two significant levels. The 
first one concerns the physical contact, where 
fungal filamentous cell morphotype (hyphae) 
serves as a structural platform for a mixed- species 
biofilm and plays a synergistic role. The second 
focuses on chemical and metabolic interactions 
and may also be antagonistic. In this case, the 
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produced compounds modified the local environ-
ment’s properties by changing pH and oxygen 
availability and enabling bacterial development 
in unfavorable conditions. It also includes the 
action of QSM that might regulate the microbial 
morphology and population abundance (Marsh 
and Zaura 2017; Diaz and Valm 2020).

The mechanical stabilization of biofilms is 
carried out using non-specific physical interac-
tions and specific protein-protein contact that 
facilitate microbes’ cooperation, especially in the 
teeth area, where pathogens are exposed to 
mechanical removal from the surface. 
Co-adhesion and co-aggregation ensure the prox-
imity of microorganisms and enable collabora-
tion within the mixed biofilm (Kolenbrander 
2000). The important role of fungi in creating the 
specific interactions between microorganisms is 
related to the possible morphological changes of 
fungal cells, best documented for Candida yeasts, 
where formed elongated hyphae supported patho-
gens’ interactions within mixed biofilm structure 
(Cui et  al. 2013; Diaz et  al. 2014; Janus et  al. 
2016). The best-known relationships occurred 
between yeasts and the primary colonizers of oral 
cavity—streptococci (Diaz et al. 2012; Xu et al. 
2014b), especially S. mutans and S. gordonii 
(Gross et al. 2012; Metwalli et al. 2013), where 
the fungi promote streptococcal biofilm forma-
tion, while streptococci enhance the invasive 
property of C. albicans (Diaz et  al. 2012; Xu 
et  al. 2014a). The synergistic physical co- 
existence between Streptococcus sp. and C. albi-
cans leads to intimate corn-cobb-like structures 
in the supragingival sites (Zijnge et  al. 2010) 
where S. gordonii promotes hyphal development 
of C. albicans cells. The adhesive contact 
between the microbes occurs due to specific 
protein- protein interactions in which the strepto-
coccal cell surface adhesins CshA, SspA, and 
SspB are involved (Holmes et al. 1996; Silverman 
et  al. 2010; Xu et  al. 2014a). Fungal adhesins 
responsible for the recognition of streptococci 
are Hwp1 and the members of the Als protein 
family (Klotz et  al. 2007; Bamford et  al. 2009; 
Silverman et al. 2010). Additionally, the interac-
tions between microorganisms are mediated by 

salivary proline-rich proteins, which adsorbed on 
the surface of S. gordonii may be recognized as 
receptors by C. albicans cells (Holmes et  al. 
1995; Bamford et  al. 2009; Silverman et  al. 
2010).

Another example of an interplay between bac-
teria and fungi is the interaction of internalin- 
family surface protein—InIJ of P. gingivalis and 
C. albicans Als3  in the dental pockets 
(Sztukowska et al. 2018). The same fungal adhe-
sin can also form complexes with the hemagglu-
tinin domains of RgpA and Kgp—the major P. 
gingivalis cysteine proteinases—gingipains. 
Moreover, gingipains interact also with another 
C. albicans surface mannoprotein—Mp65, over-
produced during contact with this bacterium, and 
important for hyphal morphogenesis, membrane 
cell wall organization, and fungal biofilm forma-
tion. An interesting relation was also observed 
for fungal enolase, a cytosolic protein that 
appears on the fungal cell surface as “moonlight-
ing protein” (Satala et al. 2020a, b). The binding 
affinity between RgpA and enolase was even 
threefold higher than between RgpA and Als3 
(Bartnicka et al. 2019).

The adhesion of P. gingivalis to fungal cells 
was also dependent on the activity of bacterial 
peptidylarginine deiminase (PPAD)—an enzyme 
that can perform the citrullination of both bacte-
rial and fungal surface proteins. The decrease in 
interactions between these microorganisms, 
observed for the bacterial mutant strain with 
PPAD depletion, demonstrated the significant 
role of PPAD-mediated modification in these 
interactions (Karkowska-Kuleta et al. 2018).

Gingipains produced by P. gingivalis activate 
the host immune responses, but the host cell’s 
coinfection by bacteria and C. albicans cells 
leads to the alleviation of the inflammatory pro-
cess, pointing to the possible protection of bacte-
rial cells by fungal biofilm. Such a hypothesis 
was supported by the experiments performed 
using the mouse model, where the fungus initi-
ated a sequential infection, and a reduction of 
mouse mortality was observed. On the other 
hand, mixed species biofilm assured more pro-
longed survival of bacteria within host tissues, 
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suggesting the dual-species infection’s chronic 
nature (Bartnicka et al. 2020).

The interacting microorganisms are secured 
by the extracellular polysaccharide matrix (EPM) 
formed by both types of microbes (Xu et  al. 
2008). For example, S. mutans accompanied by 
C. albicans induces glucosyltransferase B (GtfB) 
gene (Falsetta et al. 2014), encoding enzyme that 
catalyzes the production of bacterial α-glucans. 
Their deposition on C. albicans cell surface leads 
to the expansion of mutual EPM and enhancing 
microbes adhesion (O’Sullivan et  al. 2000; 
Falsetta et al. 2014; Hwang et al. 2017). Moreover, 
the presence of EPM is also beneficial for fungi, 
as EPM structures might trap an antifungal 
drug—fluconazole, thus protecting C. albicans 
from its effects (Kim et al. 2018). The mixed bio-
film of C. albicans and S. gordonii can also be 
stabilized through the extracellular release of 
bacterial DNA (Jack et al. 2015).

The relationship between yeasts and bacteria 
related to metabolism and its by-products is an 
essential aspect of microbial cooperation respon-
sible for the maintenance of appropriate environ-
mental conditions and the proper development of 
biofilm above and below the gum line (Lof et al. 
2017). Some specific adaptations of C. albicans 
metabolism to co-existence with S. gordonii were 
correlated with an increased expression of genes 
involved in fungal arginine biosynthesis, proba-
bly required to overcome the effects of the oxida-
tive stress generated by these bacteria (Dutton 
et al. 2016).

In gingival pockets and dental canals, several 
bacteria are either facultative or obligate anaer-
obes. Maintaining a low oxygen concentration in 
such a milieu is essential for their proper growth 
and development. C. albicans survives in both 
aerobic and anaerobic conditions but possesses 
the ability to lower the local oxygen concentra-
tion (Fox et al. 2014; van Leeuwen et al. 2016; 
Janus et  al. 2017), thus creates the conditions 
optimal for the development of a mixed-species 
biofilm with C. perfringens, B. fragilis, P. gingi-
valis, and C. difficile (Tamai et  al. 2011; van 
Leeuwen et  al. 2016; Karkowska-Kuleta et  al. 
2018).

6.4.2  Antagonistic Interactions

The interactions within the mixed biofilms 
depend on the fast adaptation to the coexisting 
microorganisms’ immediate needs and infection 
progression. The antagonistic relationships for 
microbes involved in periodontic diseases were 
again best documented for Candida species, 
especially for dominating C. albicans (Krüger 
et al. 2019).

For one of the first bacterial colonizers 
involved in these infections—streptococci, a syn-
ergistic collaboration with C. albicans was docu-
mented as contributing to plaque formation 
(Metwalli et al. 2013; Koo et al. 2018). But some 
contrary effects were also observed. The strepto-
cocci acidify the environment excreting carbox-
ylic compounds, like lactate, pyruvate, or 
α-ketoglutarate. Nonetheless, low pH is unfavor-
able for fungal hyphae development. That finding 
was supported by observing the diminished for-
mation of fungal hyphae in the Galleria mel-
lonella larval tissue treated with S. mutans cell 
supernatant, resulting in the reduction of fungal 
cell pathogenicity. On the other hand, the cario-
genic potential of S. mutans was attenuated in the 
biofilm formed with C. albicans cells, where 
higher pH was detected in comparison to one 
species, bacterial biofilm (Willems et al. 2016). 
C. albicans can use lactate as a carbon source for 
cell growth, thus alkalizing the environment, and 
maintaining a local pH at 5.3–5.5 (Vylkova et al. 
2011; Krom et  al. 2014; Danhof et  al. 2016). 
Moreover, C. albicans is also able to generate 
ammonia, as a product of amino acid catabolism, 
increasing environmental pH and the hyphae for-
mation (Vylkova et al. 2011). The alcalification 
of mixed biofilm milieu by fungi could be the 
way to counteract a microbial switch towards a 
cariogenic community and prevent the deminer-
alization of teeth (Jenkinson et al. 1990).

Competition for access to limited nutrients 
may also affect the population dynamics within 
the biofilm. A good example is the heme compe-
tition between P. gingivalis and C. albicans, 
where at the restricted access to heme, the pro-
motion of bacterial virulence was observed, cor-
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related with the increase in expression of bacterial 
genes involved in heme utilization (Guo et  al. 
2020).

For antagonistic interactions, microbes also 
used the QSM production system (Barbosa et al. 
2016). Such compounds include S. mutans sig-
naling molecules like S-trans-2-decenoic acid, 
which is relevant in shaping multispecies fun-
gal—bacteria biofilms, suppressing germ tube 
formation (Vílchez et al. 2010).

Another is the competence-stimulating pep-
tide (CSP) produced during the early stages of S. 
mutans cell growth and fungal interaction with S. 
gordonii, influencing the fungal filamentation 
(Jarosz et  al. 2009; Jack et  al. 2015). A similar 
effect was also observed for mutanobactin A, that 
induced formation of yeast forms by C. albicans. 
Such inhibition of fungal cell filamentation may 
prevent activation of the immune system and pro-
inflammatory cytokine production by macro-
phages (Joyner et al. 2010).

Other oral cavity bacteria—Streptococcus 
sanguinis presented antibacterial activity towards 
periodontal pathogens by the production of 
hydrogen peroxide and bacteriocin, which is 
localized within the S. sanguinis cells (Zhu and 
Kreth 2010). The hydrogen peroxide also influ-
ences fungal QSM—farnesol production and 
thus hyphae formation. On the other hand, the 
cell extract containing bacteriocin has antifungal 
activity and suppresses C. albicans and C. tropi-
calis cell growth (Ma et al. 2014).

C. albicans isolate from the root canal, and 
periapical infections are also accompanied with 
Enterococcus faecalis (Dahlén et al. 2012)—the 
opportunistic pathogenic bacterium also using 
bacteriocin (EntV), to inhibit fungal hyphal 
growth, biofilm formation, and virulence, with-
out effect on cell viability (Cruz et  al. 2013; 
Graham et al. 2017).

Another bacteria of aggressive periodontal 
disease—A. actinomycetemcomitans produces a 
different QSM—an autoinducer-2 (AI-2)—to 
inhibit C. albicans cell filamentation and sup-
press biofilm formation (Baker et  al. 2017; 
Bachtiar et  al. 2014). The genetic analysis of 
multispecies biofilm formed by A. actinomy-
cetemcomitans showed the suppression of fungal 

hyphal-associated genes (ALS3 and HWP1) with-
out any effect on gene representing yeast form 
(YWP1) (Bachtiar and Bachtiar 2020). However, 
the action of AI-2 released by S. gordonii pre-
sented an opposite effect on C. albicans cells, 
suggesting that different bacteria produce AI-2 
derivates with a miscellaneous activity (Lof et al. 
2017).

Antagonistic effects were also observed for C. 
albicans and C. dubliniensis collaborating with 
“bridging” bacteria—F. nucleatum, which is 
involved in colonization succession of the oral 
polymicrobial community (Grimaudo and 
Nesbitt 1997; Jabra-Rizk et al. 1999; Signat et al. 
2011). The mutual influence of microbes is medi-
ated by direct interaction between their surface 
proteins, fusobacterial membrane protein RadD 
and Candida cell wall protein Flo9 (Wu et  al. 
2015; Bor et al. 2016). Moreover, the supposed 
effects of their reduced virulence towards the 
host do not result from the secretion of regulatory 
particles or metabolic products. But they have the 
source in resulted inhibition of hyphal morpho-
genesis and fungal cell growth. It was proposed 
that the observed mutual attenuation of virulence 
may promote a rather commensal lifestyle of 
both biofilm-forming species (Bor et al. 2016).

6.4.3  The Periodontal Cells 
in the Face of Mixed Infections

With emerging evidence that the development of 
periodontitis is associated with the presence of 
both bacterial and fungal pathogens, understand-
ing of the biological consequences of the cross- 
kingdom interactions of microbes for host 
response is crucial.

The most attention has been devoted to the 
model of mixed infections caused by P. gingivalis 
and C. albicans. In 2011 Tamai et  al. demon-
strated that heat-killed C. albicans, but also 
mannoprotein-β-glucan complex constituting a 
component of the yeast cell wall, enhanced inva-
sion of human gingival fibroblasts and epithelial 
cells by P. gingivalis (Tamai et  al. 2011). The 
mechanism underlying this phenomenon is 
unclear, but the authors put forward two hypoth-
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eses. Firstly, pretreatment with C. albicans or cell 
wall components promotes the recruitment of 
clathrin and clathrin-mediated invasion of host 
cells by P. gingivalis, more efficiently than by P. 
gingivalis alone. On the other hand, C. albicans 
induces trafficking of cell receptors such as toll- 
like receptors (TLRs) to lipid rafts, membrane 
microdomains involved in the entry of P. gingiva-
lis into the epithelial cells (Tsuda et  al. 2008; 
Tamai et al. 2011). Additionally, Haverman et al. 
observed that the interaction between P. gingiva-
lis and Candida spp. (C. glabrata and C. kefyr) 
also lead to the inhibition of oral epithelial cell 
migration more than either pathogen separately 
(Tsuda et al. 2008).

Studies conducted on the human macrophage 
cell line (THP-1) have shown that contact with 
biofilm formed by P. gingivalis and C. albicans 
was characterized by a different level of produc-
tion of the main proinflammatory cytokines—
IL-1β, TNF-α and IL-8 (Bartnicka et  al. 2020). 
The macrophage response to the supernatant 
obtained from a mono-species bacterial biofilm 
resulted in lower IL-1β production, compared to 
the reactions of THP-1 to C. albicans biofilm. 
Unexpectedly, the contact of THP cells with 
mixed biofilm resulted in a significant increase in 
IL-1β. On the other hand, a 24-h incubation of 
THP-1 with mixed biofilm caused a dramatic 
decrease in TNF-α and IL-8 levels compared to 
the treatment with mono-species biofilm. The 
reason for the observed changes in the level of 
cytokines may result from the activity of proteo-
lytic enzymes produced by P. gingivalis. They 
can effectively degrade the cytokines produced 
by the host cells, impairing the immune response 
(Stathopoulou et al. 2009; Bartnicka et al. 2020), 
especially considering that their activity could be 
attenuated during contact with a fungal partner 
(Bartnicka et  al. 2020). Another explanation 
might be that C. albicans cells prevent bacteria 
from being recognized by the immune cell recep-
tors. Moreover, mixed biofilm also resulted in a 
reduced neutrophil response, as evidenced by a 
significantly lowered elastase activity compared 
to bacterial biofilm (Bartnicka et al. 2020).

An example of bacteria frequently co-isolated 
with C. albicans in periodontal pockets is F. 

nucleatum (Bor et al. 2016). In vitro studies have 
shown that their interaction retains C. albicans in 
morphology less sensitive to RAW macrophage 
killing. Moreover, the co-infection of C. albicans 
with F. nucleatum has been shown to inhibit the 
bacteria-induced production of proinflammatory 
molecules such as chemokine MCP-1 (monocyte 
chemoattractant protein 1) and cytokine TNF-α. 
The immune response’s attenuation was more 
effective when C. albicans was grown in yeast- 
like morphology (Bor et al. 2016).

6.5  New Trends in Prevention 
and Treatment 
of Periodontitis

The high incidence of periodontal diseases, the 
unsatisfactory effect of commonly used antibiot-
ics, and the reports about the acquisition of drug 
resistance by pathogenic microorganisms present 
in the oral cavity necessitate the search for novel, 
alternative methods of preventing and treating 
periodontitis (Shlezinger et al. 2017; Cheng et al. 
2017; Kinane et al. 2017). An additional problem 
in periodontal diseases caused by both bacterial 
and fungal pathogens is the accurate diagnosis 
and the correct identification of fungal microor-
ganisms in subgingival sites and, consequently, 
the necessity for the modification of the conven-
tional treatment. The diagnosis of fungal involve-
ment in periodontal disease depends on the 
proper collection of a sample from the periodon-
tal pockets after careful removal of the supragin-
gival biofilm (Jewtuchowicz et  al. 2008; Urzúa 
et al. 2008). Further diagnosis includes conven-
tional fungal identification methods involving the 
observation of morphological changes or growth 
on differential media, however, a method based 
on the amplification of the internal transcribed 
spacer (ITS) is currently recommended (Persoon 
et al. 2017). In the case of the presence of fungi 
in the periodontal pockets during periodontitis, 
together with traditional treatment based on 
proper oral hygiene, conventional periodontal 
therapy, the use of topical antiseptics, and sys-
temic antibiotics, the use of antifungals should be 
considered, including nystatin or fluconazole 
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(Sardi et al. 2011a). Oral administration of anti-
fungal drugs from other classes might also be 
required (De-la-Torre et al. 2017).

However, in view of the emerging resistance 
of pathogens in the biofilm (Sardi et  al. 2011a; 
Jarvensivu et  al. 2004), attempts are made to 
develop therapeutics based on microbial viru-
lence mechanisms and targeted at specific patho-
genic species. One of the attractive targets are P. 
gingivalis cysteine proteases—Rgp and Kgp, 
which play a significant role in developing peri-
odontal diseases. It was reported that extract of 
Aspergillus oryzae S-03 grown on fat-free soy-
bean inhibits P. gingivalis cell growth through 
gingipain inhibitors, probably derived from the 
digestion of soybeans by the A. oryzae protease 
(Danshiitsoodol et al. 2014). Another natural sec-
ondary bioactive metabolite is terrein from 
Aspergillus terreus. It has been shown that this 
compound inhibits osteoclastogenesis and related 
excessive bone resorption, correlated with peri-
odontitis, by blocking the main osteoclast regula-
tor’s activity—the activated cytoplasmic T cell 
nuclear factor 1. It was postulated that synthetic 
terrein, due to its low molecular mass and short 
half-life, might be used as an oral agent to pre-
vent periodontal diseases (Nakagawa et al. 2020). 
There were also reports on the secretion of sub-
stances inhibiting bacterial and fungal growth by 
Malassezia and Pichia species. M. globosa spent 
medium has been shown to have antibacterial 
properties against S. mutans and S. mitis 
(Baraniya et  al. 2020), while Pichia spent 
medium inhibits the growth of Candida, 
Aspergillus, and Fusarium (Mukherjee et  al. 
2014).

Another promising treatment in the fight 
against periodontitis is antisense therapy based 
on the peptide, which may block the synthesis of 
microbial proteins due to their strong affinity for 
mRNA. It was reported that the use of antisense 
peptides effectively inhibits the growth of two 
pathogens associated with periodontitis, P. gingi-
valis, and A. actinomycetemcomitans (Sugimoto 
et al. 2019). Similarly, the use of cerium-doped 
nanoparticles also inhibits the P. gingivalis and F. 
nucleatum. The acidic environment of the gingi-
val pockets of patients with chronic periodontitis 

promotes the hydrolysis of nanoparticles, which 
releasing of ions modulate the microenviron-
ment’s pH, consequently changing them to unfa-
vorable for bacterial growth (Li et al. 2019). In 
turn, polylactic-co-glycolic acid (PLGA) 
nanoparticles, coated with a peptide derived from 
S. gordonii significantly reduce the virulence of 
P. gingivalis in a mouse model of periodontitis 
and strongly inhibit the adhesion of P. gingivalis 
to streptococci, preventing mixed infections 
(Mahmoud et al. 2019).

Potential candidates for alternative therapy are 
also sought among natural substances. For exam-
ple, it has been shown that alcoholic red propolis 
extract has antifungal activity against Candida 
species isolated from patients with chronic peri-
odontitis (Siqueira et al. 2015), while cardamom 
extract is bactericidal against periodontal patho-
gens—P. gingivalis, F. nucleatum, A. actinomy-
cetemcomitans, and P. intermedia (Souissi et al. 
2020).

6.6  Conclusion and Perspectives

Dental biofilm, where diverse microbes form a 
compact structure of biofilm, could be, in states 
of dysbiosis, the primary source of dental caries 
and periodontal diseases, which can further 
implicate systemic diseases by translocation the 
included microbes by the bloodstream into a vari-
ety of host tissues.

Although biofilm-forming microbes sustain 
their repertoires of virulence factors, the interac-
tion with the environment and surrounding 
microbes, often from different species, gives rise 
to the emergent new properties of the microbial 
community.

Here we highlighted the role of fungal species 
forming biofilm with periodontal bacteria, where 
physical, metabolic, and chemical interactions 
shape their properties. Although there is evidence 
of the presence of particular representatives of 
various fungal genera—including Candida, 
Aspergillus, and Rhodotorula—in the subgingi-
val biofilm of patients with severe chronic peri-
odontitis, the most data are available for C. 
albicans. Numerous studies show that fungi are 
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not an infection bystander but also an active 
member of the biofilm consortium. Fungal 
dimorphism and extracellular matrix, varied in 
the composition, may serve as bacterial shelter 
from the adverse environment or camouflage 
from host recognition, where synergistic or 
antagonistic interactions are presented. The 
understanding of cross-kingdom interplay that 
underlies the biofilm functioning, especially dur-
ing contact with host cells, raises the need to 
search for new infection models that will enable 
the analysis of such diverse interactions. To meet 
this challenge, the development of organoids and 
organ-on-chip technology is the priority. It will 
create an opportunity to develop improved patient 
treatment strategies without the risk of infection 
recurrence.
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Abstract

Background: Despite numerous studies indi-
cating a high prevalence of herpesviruses in 
both apical and marginal periodontitis sam-
ples, their exact role in the pathogenesis of a 
periodontal disease is still unclear.

Objective: This umbrella review aimed to 
summarize data on herpesviruses detection in 
marginal periodontitis (MP) and apical peri-
odontitis of endodontic origin (APEO) samples.

Methods: The study protocol has been 
drafted a priori and registered to the 

International Prospective Register of 
Systematic Reviews (PROSPERO) 
(CRD42020215922). The literature search 
was conducted using the following electronic 
databases: Clarivate Analytics’ Web of 
Science, Scopus, PubMed and Cochrane 
Database of Systematic Reviews, from incep-
tion to October 2020, with no language restric-
tions. Systematic reviews with or without 
meta-analysis that evaluated the association 
between the occurrence of herpesviruses and 
different forms of periodontal diseases were 
included. Other types of studies, including 
narrative reviews, were excluded. Two review-
ers independently performed a literature 
search, data extraction, and quality assess-
ment of included studies. Any disagreements 
or doubts were resolved by a third reviewer. 
The quality of the reviews was assessed using 
the AMSTAR 2 tool (A measurement tool to 
assess systematic reviews).

Results: Six systematic reviews were 
included in the current review. One was graded 
as high quality, another one was graded as 
moderate quality, whereas the other four were 
graded as critically low-quality reviews. The 
presence of herpesviruses in subgingival sam-
ples was associated with an increased risk of 
MP, supported by the corresponding meta- 
analyses. Although the association was strong 
(OR > 3.0), the confidence intervals were 
wide, heterogeneity was significant, and stud-
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ies were of small sample size. In addition, 
publication bias was detected. Contrary, data 
from systematic reviews that assessed APEO 
and herpesviruses did not show any significant 
associations.

Conclusions: Low-quality studies with 
high uncertainty suggest a strong association 
between herpesviruses and MP, but not with 
APEO.

Keywords

marginal periodontitis · periapical periodonti-
tis of endodontic origin · herpesviruses · 
herpes simplex virus · Epstein-Barr virus · 
human cytomegalovirus · systematic review

Abbreviations

AgP Aggressive periodontitis
AMSTAR Assessment of multiple system-

atic reviews
APEO Apical periodontitis of endodon-

tic origin
BZLF-1 BamHI fragment Z leftward open 

reading frame 1
CI Confidence interval
CP Chronic periodontitis
DEEP DART-European E-theses portal
EBV Epstein-Barr virus
EThOS Opening access to UK theses
HCMV Human cytomegalovirus
HSV Herpes simplex virus
KJD Korean journal database
MP Marginal periodontitis
OR Odds ratio
PE Porphyromonas endodontalis
PRISMA Preferred reporting items for sys-

tematic reviews and meta-analy-
ses protocols

PROSPERO International prospective register 
of systematic reviews

RSCI Russian science citation index
SCIELO SciELO citation index
WoS Web of science core collection
ZEBRA BamHI fragment Z EB replication 

activator

Highlights

• This umbrella review which includes six 
systematic reviews investigates the 
association between the occurrence of 
herpesviruses and the development of 
different forms of periodontal disease.

• AMSTAR 2 tool was employed for a 
critical assessment of included studies.

• The presence of herpesviruses in sub-
gingival samples was associated with an 
increased risk of MP, supported by the 
corresponding meta-analyses.

• Data from systematic reviews that 
assessed APEO and herpesviruses did 
not show any significant associations.

Considerations for Practice
• Clinicians should be aware of the role of 

herpesviruses in the pathogenesis of dif-
ferent forms of periodontal disease.

Patient Summary

Despite numerous studies pointing to a 
high prevalence of herpesviruses in both 
apical and marginal periodontitis samples, 
their exact role in the pathogenesis of a 
periodontal disease is still unclear. This 
umbrella aimed to critically assess the 
association between herpesviruses and the 
development of different forms of peri-
odontal disease. Six systematic reviews 
were included in the final assessment based 
on the eligibility criteria. Based on the pre-
sented results herpesviruses may be impli-
cated in the pathogenesis of marginal 
periodontitis. However, there is no evi-
dence that herpesviruses contribute to the 
development of apical periodontitis of end-
odontic origin. Further investigations are 
necessary to elucidate the role of herpesvi-
ruses in the pathogenesis of periodontal 
diseases.
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7.1  Introduction

Marginal periodontitis (MP) comprises a variety 
of clinical presentations, all of them resulting in 
progressive loss of tooth-supporting tissues. It is 
a widespread disease of complex etiopathogene-
sis, involving numerous interactions between 
oral microbiota and host responses. In contrast, 
apical periodontitis of endodontic origin (APEO) 
is strictly related to the infected root canal, but 
both conditions share common mechanisms of 
pathogenesis and disease progression.

Bacterial involvement in chronic and aggres-
sive periodontitis and APEO is well recognized 
(Siqueira and Rôçac 2009; Hajishengallis and 
Lamont 2012). However, since the early 2000s, 
data suggesting that several viruses, in particular, 
those from the Herpesviridae family might con-
tribute to the destruction of periodontal tissues, 
commonly seen in these conditions, have accu-
mulated. Herpesviruses are ubiquitous pathogens 
capable of achieving life-time latency in infected 
hosts. Among human herpesviruses, Human 
cytomegalovirus (HCMV) and Epstein-Barr 
virus (EBV) are most commonly associated with 
MP and APEO (Slots et al. 2003; Slots 2010).

Despite numerous studies showing a high 
prevalence of herpesviruses in both APEO and 
MP samples, their exact role in the pathogenesis 
of the periodontal disease is still unclear. It was 
suggested that HCMV and EBV might promote 
the production of proinflammatory cytokines and 
initiate direct cytotoxic reactions in apical peri-
odontal tissues, but also favor the overgrowth of 
pathogenic bacteria (Slots et al. 2003). A similar 
hypothesis was expressed concerning severe 
periodontitis, implicating synergistic action of 
herpesviruses and periodontopathic bacteria in 
the progression of this condition (Chen et  al. 
2020). On the other hand, since latency is one of 
the most striking features of herpesviral infec-
tion, it is essential to elucidate if their presence in 
periodontal tissues is just a consequence of per-
sistent inflammation or actually affects the course 
of the disease. In line with this, it was suggested 
that the occurrence of herpesviruses might be 
merely a result of viral infection of inflammatory 
cells that infiltrate affected tissues (Ferreira et al. 

2011). Therefore, it is significant not only to 
report detection rates of herpesviruses in peri-
odontitis samples, but also to explain which 
mechanisms might contribute to their pathogenic 
effect. In line with this, several studies reported 
that the presence of herpesviruses is related to 
increased levels of proinflammatory cytokines 
and bone-resorption mediators (Hernádi et  al. 
2013; Jakovljevic et al. 2018b), which reinforces 
their role in the etiopathogenesis of periodontal 
disease.

As information from the literature has accu-
mulated, several systematic reviews and meta- 
analyses have been published, aiming to 
synthesize data on herpesviruses in MP and 
APEO. Most of these studies focus on the detec-
tion of viruses in relation to clinical features of 
periodontitis (e.g., chronic or aggressive peri-
odontitis and symptomatic or asymptomatic 
APEO) (Jakovljevic and Andric 2014; Gao et al. 
2017; Li et  al. 2017). Still, some reviews have 
analyzed data on herpesviruses in MP against 
healthy controls (Zhu et  al. 2015; Alzahrani 
2017), and in one study, the odds ratio (OR) for 
MP/APEO in HCMV-positive and HCMV- 
negative patients were evaluated (Botero et  al. 
2020).

Having in mind substantial differences in 
methodology and results of available systematic 
reviews and meta-analyses, it would be of inter-
est to summarize their findings and analyze 
potential limitations. Quality of evidence 
obtained from a specific systematic review and/or 
meta-analysis depends on both the methodologi-
cal quality of the review itself and the quality of 
original studies included in the analysis.

In this context, umbrella reviews aim to syn-
thesize evidence from existing systematic reviews 
addressing the specific topic and also to empha-
size consistent or contradictory findings, thus 
providing a better understanding of the subject in 
question. Therefore, this umbrella review aims to 
summarize data on herpesviruses detection in 
MP and APEO samples and the possible relation-
ship between these viruses and clinical features 
of disease. In addition, it is significant to analyze 
the quality of available data and suggest potential 
improvements for future studies in this field.
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7.2  Materials and Methods

The current umbrella review has been performed 
according to the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses 
Protocols (PRISMA) statement (Moher et  al. 
2015; Shamseer et al. 2015). The study protocol 
has been drafted a priori and registered to the 
International Prospective Register of Systematic 
Reviews (PROSPERO) (CRD42020215922).

7.2.1  Review Questions

Is there an association between the detection of 
herpesviruses and different forms of 
periodontitis?

7.2.2  Outcome Measures

Occurrence of herpesviruses in different forms of 
periodontal disease.

7.2.3  Selection Criteria

Systematic reviews with or without meta- analysis 
that evaluated the detection of herpesviruses and 
different forms of periodontitis were included. 
Case reports, clinical studies, laboratory studies, 
animal studies and narrative reviews were 
excluded.

7.2.4  Literature Search

Several international and national databases were 
searched to identify relevant systematic reviews 
and meta-analyses investigating the association 
of herpesviruses and different forms of 
 periodontitis. The author team systematically and 
independently explored the following electronic 
databases: Clarivate Analytics’ Web of Science 
(including Web of Science Core Collection  – 
WoS, Korean Journal Database – KJD, Russian 
Science Citation Index – RSCI, SciELO Citation 

Index – SCIELO) [1980–2020], Scopus [1960–
2020], PubMed [1964–2020] and Cochrane 
Database of Systematic Reviews (CDSR) [1996–
2020] till October 2020, without language restric-
tions applied. Using preliminary searches of the 
mentioned databases, several retrieval strategies 
were developed and evaluated, while index terms, 
free keywords, and synonyms related to the main 
concepts of interest (herpesviruses and periodon-
titis) were identified as well. In the current review, 
key terms and the optimum search strategy dif-
fered according to the database being searched, 
using the combination of the most common free 
keywords and relevant controlled vocabulary 
(Medical Subject Headings – MeSH descriptors, 
https://www.ncbi.nlm.nih.gov/mesh), Boolean 
operators, truncation, and proximity operators. 
Complete search strategies applied for all data-
bases are presented in detail in Table 7.1.

Furthermore, unpublished manuscripts, 
research reports, conference papers, doctoral 
dissertations, and other grey literature were 
searched in available repositories (e.g., 
OpenGrey, Networked Digital Library of Theses 
and Dissertations, Open Access Theses and 
Dissertations, DART-Europe E-theses Portal  – 
DEEP, Opening access to UK theses – EThOS) 
and Google Scholar (first 100 returns). Additional 
searches of reference lists of the included reviews 
and relevant narrative reviews were also per-
formed. For duplicate removal and further analy-
sis, all records obtained were imported in the 
Rayyan QCRI environment (Ouzzani et  al. 
2016). To identify relevant systematic reviews 
and  meta- analyses, two independent reviewers 
(A.J., J.J.) were involved in screening titles and 
abstracts and then reading the full text. Any dis-
agreement between the two reviewers was 
resolved by consensus and discussion with the 
third reviewer (J.E.B.).

7.2.5  Data Extraction

A data extraction form, created and customized 
for the current review, included the following 
details: names of the authors and year pub-

A. Jakovljevic et al.
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lished, name and country of the first author, 
name of the journal published, databases 
searched, period searched, the language used 
to restrict search results, number of included 
studies/samples (experimental/control group), 
design of included studies, used quality assess-
ment tool, as well as objectives, analysis 
method, outcomes assessed and principal find-
ings. Two reviewers (J.E.B., A.J.) extracted the 
data independently according to the inclusion 
and exclusion criteria, while any disagreement 
was resolved by consensus or discussing with a 
third reviewer (J.M.). If needed, the authors of 
the analyzed systematic reviews and meta-
analyses were contacted for clarification or to 
obtain missing information.

7.2.6  Quality Assessment 
of Included Reviews Using 
the AMSTAR 2 Tool

The Assessment of Multiple Systematic 
Reviews 2 (AMSTAR 2) tool (Shea et al. 2017) 
was used to evaluate the quality of the included 
studies. Out of 16 AMSTAR 2 items, seven rep-
resent critical domains upon which the quality 
rating of individual systematic reviews depends. 
For most of the appraised domains in the 
AMSTAR 2 checklist, possible response 
options are yes or no, while some contain the 
third partial yes. Two independent reviewers 
(J.E.B., A.J.) conducted a quality assessment of 
the included systematic reviews, and any dis-

Table 7.1 Electronic databases and search strategy

Database (n) Search strategy #1 AND #2 AND #3
WoS (n=181)
SCIELO (n=5)
RSCI (n=2)
KJD (n=0)

#1 TS=((Herpesviridae OR HHV OR herpesvirus* OR 
Herpes Simplex OR HSV OR Chickenpox OR Herpes 
zoster OR Varicella-Zoster OR VZV OR 
Mononucleosis OR Epstein-Barr OR EBV OR 
Cytomegalovir* OR CMV OR HCMV OR 
“betaherpesvirus 6” OR HBLV OR KSHV) OR 
(Virus* AND (herpes OR Burkitt* OR EB OR 
Epstein-Barr OR Salivary Gland OR B-Lymphotropic 
OR Kaposi* Sarcoma)) OR (((Herpesvirus OR HHV) 
AND (1 OR 2 OR 3 OR 4 OR 5 OR 6 OR 7 OR 8)) 
OR HHV?) OR (((Herpes Simplex Virus OR HSV) 
AND (1 OR 2)) OR HSV1 OR HSV2)) (n=191,141)

#2 TS=(periodontitis OR periodontosis OR periodontoses 
OR (periodontal NEAR/0 (disease$ OR abscess* OR 
pocket*))) (n=46,659)

#3 TS=(review OR meta-analysis) OR DT=review 
(n=5,896,817)

Scopus
(n=299)

#1 TITLE-ABS-KEY((Herpesviridae OR HHV OR 
herpesvirus OR “Herpes Simplex” OR HSV OR 
Chickenpox OR “Herpes zoster” OR Varicella-Zoster 
OR VZV OR Mononucleosis OR Epstein-Barr OR 
EBV OR Cytomegalovir* OR CMV OR HCMV OR 
{betaherpesvirus 6} OR HBLV OR KSHV) OR (Virus 
AND (herpes OR Burkitt* OR EB OR Epstein-Barr 
OR “Salivary Gland” OR B-Lymphotropic OR 
“Kaposi* Sarcoma”)) OR ((Herpesvirus OR HHV) 
W/0 (1 OR 2 OR 3 OR 4 OR 5 OR 6 OR 7 OR 8)) OR 
(((“Herpes Simplex Virus” OR HSV) W/0 (1 OR 2)) 
OR HSV1 OR HSV2)) (n=284,940)

#2 TITLE-ABS-KEY(periodontitis OR periodontosis OR 
periodontoses OR (periodontal W/0 (disease OR 
abscess OR pocket))) (n=89,597)

#3 TITLE-ABS-KEY(review OR meta-analysis) OR 
DOCTYPE(review) (n=5,036,547)

(continued)
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Database (n) Search strategy #1 AND #2 AND #3
PubMed
(n=52)

#1 "herpesviridae"[MeSH Terms] OR "herpesviridae"[All 
Fields] OR "HHV"[All Fields] OR "herpesvirus*"[All 
Fields] OR "Herpes Simplex"[All Fields] OR 
"HSV"[All Fields] OR ("chickenpox"[MeSH Terms] 
OR "chickenpox"[All Fields]) OR "Herpes zoster"[All 
Fields] OR "Varicella-Zoster"[All Fields] OR 
("herpesvirus 3, human"[MeSH Terms] OR "human 
herpesvirus 3"[All Fields] OR "vzv"[All Fields]) OR 
("infectious mononucleosis"[MeSH Terms] OR 
("infectious"[All Fields] AND "mononucleosis"[All 
Fields]) OR "infectious mononucleosis"[All Fields] 
OR "mononucleosis"[All Fields]) OR "Epstein- 
Barr"[All Fields] OR ("herpesvirus 4, human"[MeSH 
Terms] OR "human herpesvirus 4"[All Fields] OR 
"ebv"[All Fields]) OR "cytomegalovir*"[All Fields] 
OR "Cytomegalovirus"[MeSH Terms] OR "CMV"[All 
Fields] OR "HCMV"[All Fields] OR 
("betaherpesvirus"[All Fields] AND "6"[All Fields]) 
OR ("herpesvirus 6, human"[MeSH Terms] OR 
"human herpesvirus 6"[All Fields] OR "hblv"[All 
Fields]) OR "herpesvirus 7, human"[MeSH Terms] 
OR ("herpesvirus 8, human"[MeSH Terms] OR 
"human herpesvirus 8"[All Fields] OR "kshv"[All 
Fields]) OR ("virus*"[All Fields] AND ("herpes"[All 
Fields] OR "herps"[All Fields] OR "burkitt*"[All 
Fields] OR "EB"[All Fields] OR "Epstein-Barr"[All 
Fields] OR "Salivary Gland"[All Fields] OR 
"B-Lymphotropic"[All Fields] OR ("kaposi*"[All 
Fields] AND ("sarcoma"[MeSH Terms] OR 
"sarcoma"[All Fields] OR "sarcomas"[All Fields] OR 
"sarcoma s"[All Fields])))) OR 
(("herpesviridae"[MeSH Terms] OR 
"herpesviridae"[All Fields] OR "herpesvirus"[All 
Fields] OR "HHV"[All Fields]) AND (1[UID] OR 
2[UID] OR 3[UID] OR 4[UID] OR 5[UID] OR 
6[UID] OR 7[UID] OR 8[UID])) OR ((("Herpes 
Simplex Virus"[All Fields] OR "HSV"[All Fields]) 
AND (1[UID] OR 2[UID])) OR ("herpesvirus 1, 
human"[MeSH Terms] OR "human herpesvirus 1"[All 
Fields] OR "hsv1"[All Fields]) OR ("herpesvirus 2, 
human"[MeSH Terms] OR "human herpesvirus 2"[All 
Fields] OR "hsv2"[All Fields])) (n=203,876)

#2 "periodontitis"[MeSH Terms] OR "periodontitis"[All 
Fields] OR "periodontitides"[All Fields] OR 
"aggressive periodontitis"[MeSH Terms] OR "Chronic 
Periodontitis"[Mesh] OR "Periapical 
Periodontitis"[Mesh] OR "Periodontal 
Abscess"[Mesh] OR "Periodontal Pocket"[Mesh] 
"periodontosis"[All Fields] OR "periodontoses"[All 
Fields] OR ("periodontal"[All Fields] AND 
("disease*"[All Fields] OR "abscess*"[All Fields] OR 
"pocket*"[All Fields])) (n=54,459)

#3 "systematic review"[Publication Type] OR "meta- 
analysis"[Publication Type] OR "review"[Title/
Abstract] OR “meta-analysis”[Title/Abstract] 
(n=1,756,826)

Table 7.1 (continued)

(continued)
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agreement between the two reviewers was 
resolved by a third (J.M.). The final classifica-
tion of each systematic review, as high, moder-
ate, low, or critically low-quality review, was 
generated using the online AMSTAR 2 check-
list available on the AMSTAR website (https://
amstar.ca/Amstar_Checklist.php).

7.3  Results

7.3.1  Literature Search Process

Figure 7.1 shows a PRISMA flow diagram of the 
study selection process based on the presented 
exclusion criteria. A thorough search of the cho-
sen databases and other relevant sources retrieved 
539 references for potential inclusion in this 
umbrella review. In the next step, 146 duplicates 
were identified and removed from the database. 

After the title and abstract screening, 387 studies 
were determined for exclusion, while six studies 
were eligible for full-text assessment. Finally, six 
systematic reviews were included in the present 
umbrella review. Four systematic reviews were 
related only to MP (Zhu et al. 2015; Gao et al. 
2017; Li et  al. 2017; Alzahrani 2017), another 
one only to APEO (Jakovljevic and Andric 2014), 
and there was one related to both MP and APEO 
(Botero et al. 2020).

7.3.2  Characteristics of Included 
Studies

Table 7.2 shows the most important characteris-
tics of the included systematic reviews. The 
reviews were published between 2014 and 
2020 in the Journal of Endodontics (n = 1), PLoS 
One (n = 2), The Saudi Journal for Dental 

Table 7.1 (continued)

Database (n) Search strategy #1 AND #2 AND #3
CDSR
(n=0)

#1 ((Herpesviridae OR HHV OR herpesvirus* OR 
Herpes Simplex OR HSV OR Chickenpox OR Herpes 
zoster OR Varicella-Zoster OR VZV OR 
Mononucleosis OR Epstein-Barr OR EBV OR 
Cytomegalovir* OR CMV OR HCMV OR 
“betaherpesvirus 6” OR HBLV OR KSHV) OR 
(Virus* AND (herpes OR Burkitt* OR EB OR 
Epstein-Barr OR Salivary Gland OR B-Lymphotropic 
OR Kaposi* Sarcoma)) OR (((Herpesvirus OR HHV) 
NEAR/0 (1 OR 2 OR 3 OR 4 OR 5 OR 6 OR 7 OR 
8)) OR HHV?) OR (((Herpes Simplex Virus OR HSV) 
NEAR/0 (1 OR 2)) OR HSV1 OR HSV2)) OR ([mh 
"herpesviridae"] OR [mh "chickenpox"] OR [mh 
"herpesvirus 1, human"] OR [mh "herpesvirus 2, 
human"] OR [mh "herpesvirus 3, human"] OR [mh 
"herpesvirus 4, human"] OR [mh "herpesvirus 5, 
human"] OR [mh "herpesvirus 6, human"] OR [mh 
"herpesvirus 7, human"] OR [mh "herpesvirus 8, 
human"] OR [mh "Cytomegalovirus"]) (n=7,759)

#2 (periodontitis OR periodontosis OR periodontoses OR 
(periodontal NEAR/0 (disease$ OR abscess* OR 
pocket*))) OR ([mh "periodontitis"] OR [mh 
"aggressive periodontitis"] OR [mh "Chronic 
Periodontitis"] OR [mh "Periapical Periodontitis"] OR 
[mh "Periodontal Abscess"] OR [mh "Periodontal 
Pocket"]) (n=5,363)

#3 Cochrane Reviews (n=8,427)

n number of hits, WoS Web of Science Core Collection, KJD Korean Journal Database, RSCI Russian Science Citation 
Index, SCIELO SciELO Citation Index, CDSR Cochrane Database of Systematic Reviews, TS Topic (article title, 
abstract and keywords), DT Document type

7 Herpesviruses in Periodontitis: An Umbrella Review
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Research (n = 1), Medicine (Baltimore) (n = 1), 
and Journal of Periodontal Research (n = 1). The 
individual systematic reviews used PubMed, 
Web of Science, Scopus, Cochrane, Embase, 
Wanfang, and SciELO databases to identify rele-
vant studies in the literature search process. The 
search period within the reviews ranged from 
inception to 2019. The literature electronic search 
was restricted to the English language, except in 
one review who also searched for papers in 
Spanish and Portuguese (Botero et al. 2020). The 
number of studies included in each systematic 
review ranged from 12 to 32. Quality assess-
ments of the primary studies were performed in 
two out of six systematic reviews. One review (Li 

et al. 2017) used the Newcastle-Ottawa Quality 
Assessment tool, while the other one (Botero 
et al. 2020) used the National Institute of Health 
quality assessment tool.

7.3.3  Summary of Meta-analysis

Five out of six systematic reviews conducted a 
meta-analysis (Jakovljevic and Andric 2014; 
Zhu et al. 2015; Gao et al. 2017; Li et al. 2017; 
Botero et  al. 2020). In these studies, the meta-
analysis was conducted using the Mantel-
Haenszel, random, or fixed-effects model to 
estimate effect size such as pooled OR and 95% 

Fig. 7.1 Flow diagram

A. Jakovljevic et al.
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confidence intervals (CI). The heterogeneity was 
evaluated using I2 statistics. The authors reported 
that a fixed or random effects model was selected 
based on a heterogeneity test (i.e., I2  >  50%  – 
random effect model, I2  <  50%  – fixed effect 
model). Publication bias was assessed in four 
(Zhu et al. 2015; Gao et al. 2017; Li et al. 2017; 
Botero et al. 2020) out of six systematic reviews 
using the Begg rank correlation test and/or 
Egger’s asymmetry test evaluated via linear 
regression model.

7.3.4  Methodological Quality

The methodological quality of the systematic 
reviews included in this umbrella review is pre-
sented in Fig.  7.2. Among six reviews, one 
(Botero et al. 2020) was graded as high quality, 
another one (Li et al. 2017) was graded as moder-
ate quality, whereas the other four were graded as 
critically low-quality (Jakovljevic and Andric 
2014; Zhu et al. 2015; Gao et al. 2017; Alzahrani 
2017). None of the six reviews addressed Item 10 

Fig. 7.2 Critical appraisal of the included systematic 
reviews. AMSTAR 2  – Assessing the Methodological 
Quality of Systematic Reviews 2; PICO  – Population, 
Intervention, Comparison, Outcome; * – AMSTAR 2 crit-
ical domain; 1. Did the research questions and inclusion 
criteria for the review include the components of PICO?; 
2. Did the report of the review contain an explicit state-
ment that the review methods were established prior to the 
conduct of the review and did the report justify any sig-
nificant deviations from the protocol?*; 3. Did the review 
authors explain their selection of the study designs for 
inclusion in the review?; 4. Did the review authors use a 
comprehensive literature search strategy?*; 5. Did the 
review authors perform study selection in duplicate?; 6. 
Did the review authors perform data extraction in dupli-
cate?; 7. Did the review authors provide a list of excluded 
studies and justify the exclusions?*; 8. Did the review 
authors describe the included studies in adequate detail?; 
9. Did the review authors use a satisfactory technique for 
assessing the risk of bias (RoB) in individual studies that 

were included in the review?*; 10. Did the review authors 
report on the sources of funding for the studies included in 
the review?; 11. If meta-analysis was performed did the 
review authors use appropriate methods for statistical 
combination of results?*; 12. If meta-analysis was per-
formed, did the review authors assess the potential impact 
of RoB in individual studies on the results of the meta- 
analysis or other evidence synthesis?; 13. Did the review 
authors account for RoB in individual studies when inter-
preting/discussing the results of the review?*; 14. Did the 
review authors provide a satisfactory explanation for, and 
discussion of, any heterogeneity observed in the results of 
the review?; 15. If they performed quantitative synthesis 
did the review authors carry out an adequate investigation 
of publication bias (small study bias) and discuss its likely 
impact on the results of the review?*; 16. Did the review 
authors report any potential sources of conflict of interest, 
including any funding they received for conducting the 
review?

A. Jakovljevic et al.
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(Did the review authors report on the sources of 
funding for the studies included in the review?).

7.3.5  Principal Findings

The principal findings of each study included in 
the systematic systematic review are reported in 
Table 7.3.

7.3.5.1  The Detection of Herpesviruses 
in Marginal Periodontitis

Five systematic reviews investigated the associa-
tion between the detection of herpesviruses and 
different forms of periodontitis (Zhu et al. 2015; 
Alzahrani 2017; Gao et al. 2017; Li et al. 2017; 
Botero et  al. 2020). EBV, HCMV, and Herpes 
simplex virus (HSV) were the most frequently 
detected viruses in MP.

Detection of EBV was significantly associated 
with an overall increased risk for MP (OR = 6.199, 
95% CI = 3.119–12.319, P < 0.001) (Gao et al. 
2017). Moreover, two systematic reviews revealed 
that the presence of EBV was significantly associ-
ated with an increased risk for aggressive peri-
odontitis (AgP) (OR = 6.11, 95% CI = 2.13–17.51, 
P = 0.0008; OR = 8.361, 95% CI = 2.109–33.143, 

P = 0.003, respectively) (Li et al. 2017; Gao et al. 
2017). Similarly, two systematic reviews discov-
ered a significant association between increased 
risk for chronic periodontitis (CP) and detection 
of EBV (OR  =  5.74, 95% CI  =  2.53–13.00, 
P < 0.001; OR = 6.586, 95% CI = 3.042–14.262, 
P  <  0.001, respectively) (Zhu et  al. 2015; Gao 
et  al. 2017). A significant heterogeneity was 
observed among all presented results (I2 = 74.9%, 
P  <  0.001; I2  =  69.8%, P  <  0.001; I2  =  74%, 
P  <  0.001; I2  =  67%, P  =  0.001; I2  =  69.9%, 
P < 0.001, respectively).

The overall MP risk increase was associated 
with HCMV (OR = 5.31; 95% CI = 3.15–8.97, 
P  <  0.001) (Botero et  al. 2020); moreover, the 
detection of HCMV was significantly associated 
with an increased risk for both, AgP (OR = 3.63, 
95% CI = 2.15–6.13, P = 0.009) (Li et al. 2017), 
and CP (OR  =  3.59, 95% CI  =  1.41–9.16, 
P  =  0.007) (Zhu et  al. 2015), respectively. 
However, marked heterogeneity was observed 
among all presented results (I2  =  67%, 
P < 0.00001; I2 = 56.3%, P = 0.009; I2 = 74%, 
P = 0.0001, respectively). Significant publication 
bias was revealed for the detection of HCMV 
overall (Botero et al. 2020) and for the detection 
of EBV in AgP (Li et al. 2017).

Table 7.3 Principal findings of the included systematic reviews

No Author, year Objectives
Method of 
analysis Outcome assessed Principal findings

1 Jakovljevic and 
Andric (2014)

To analyze the 
evidence indicating 
that HCMV and 
EBV can contribute 
to the pathogenesis 
of periapical 
lesions

Qualitative and 
meta-analysis

Occurrence of 
HCMV and EBV in 
symptomatic 
compared to 
asymptomatic 
apical periodontitis 
lesions

No statistically 
significant 
relationship between 
the presence of 
HCMV or EBV 
mRNA transcripts 
(P = .083 and P = 
.306, respectively) 
and the clinical 
features of apical 
periodontitis. Values 
of the I2 test 
indicated that these 
analyses were 
homogenous and 
moderately 
heterogeneous (I2 = 
0.0% and I2 = 31, 14 
%, respectively).

(continued)
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Table 7.3 (continued)

No Author, year Objectives
Method of 
analysis Outcome assessed Principal findings

2 Zhu et al. (2015) To clarify the 
association 
between detection 
of herpesviruses 
and risk of chronic 
periodontitis 
through conducting 
a meta-analysis 
based on relevant 
case-control 
studies.

Qualitative and 
meta-analysis

Detection rate of 
herpesviruses in 
chronic 
periodontitis 
compared to healthy 
control

EBV shows a 
significant 
association with 
chronic periodontitis 
compared to 
periodontally 
healthy group (OR = 
5.74, 95% CI = 
2.53–13.00, 
P<0.001). HCMV 
also shows a 
significant 
association with 
chronic periodontitis 
(OR = 3.59, 95% CI 
= 1.41–9.16, P = 
0.007). The 
association between 
HSV and chronic 
periodontitis was 
inconclusive (OR = 
2.81 95% CI = 
0.95–8.27, P = 
0.06).

3 Alzahrani (2017) To elucidate the 
association 
between HHVs–
HCMV, EBV and 
HSV, and risk of 
AgP and AP.

Qualitative Association 
between HHVs and 
AgP and HHVs 
implication in the 
pathogenesis of 
AgP and AP

Human herpes virus 
(HSV, CMV and 
EBV) levels are 
increased and are 
found to be 
associated with AgP 
and AP as compared 
to healthy 
individuals.

(continued)
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Table 7.3 (continued)

No Author, year Objectives
Method of 
analysis Outcome assessed Principal findings

4 Gao et al. (2017) To establish 
whether the EBV is 
associated with 
periodontal 
diseases.

Qualitative and 
meta-analysis

Association 
between detection 
of EBV and 
different types of 
periodontitis

The association 
between overall 
increased risks of 
periodontitis and the 
detection of EBV 
was significant 
(OR=6.199, 95% 
CI=3.119–12.319, 
P<0.001). In the 
disease-type 
analysis, the pooled 
ORs for chronic 
periodontitis and 
aggressive 
periodontitis were 
6.586 (95% 
CI=3.042–14.262, 
P<0.001) and 8.361 
(95% CI=2.109–
33.143, P= 0.003), 
respectively. In the 
subgroup analysis of 
ethnicity, our results 
suggested that high 
EBV-detecting 
frequencies were 
correlated with 
increased risks of 
periodontitis in 
Asians, Europeans, 
and Americans 
(P<0.001).

(continued)

7 Herpesviruses in Periodontitis: An Umbrella Review



Table 7.3 (continued)

No Author, year Objectives
Method of 
analysis Outcome assessed Principal findings

5 Li et al. (2017) To clarify the 
association 
between occurrence 
of herpesviruses 
and risk of AgP by 
performing a 
meta-analysis 
based on available 
case – control 
studies (patients 
with AgP versus 
periodontally 
healthy 
individuals).

Qualitative and 
meta-analysis

Association 
between detection 
of herpesviruses 
and different types 
of periodontitis

The quantitative 
synthesis results for 
EBV showed 
significance (10 
studies: p = 0.0008, 
OR = 6.11, 95% CI 
= 2.13±17.51); 
nevertheless, 
evidence of 
publication bias for 
EBV was 
considerable (EBV: 
Egger’s test, 
p < 0.001). HCMV 
and HSV-1 showed 
significant 
association with 
AgP (12 studies for 
HCMV: p = 0.009, 
OR = 3.63, 95% CI 
= 2.15±6.13; 4 
studies for HSV-1: 
p < 0.001, OR = 
19.19, 95% CI = 
4.16±79.06). 
Sensitivity analyses 
showed the results 
yielded consistency, 
and no significant 
publication bias was 
observed for HCMV. 
The association 
between HSV-2 and 
AgP was 
inconclusive (2 
studies: p = 0.20, 
OR = 3.46, 95% CI 
= 0.51±23.51).

6 Botero et al. 
(2020)

To evaluate the 
association 
between HCMV 
and periodontitis, 
and apical 
periodontitis of 
endodontic origin.

Qualitative and 
meta-analysis

The odds ratio for 
periodontitis/apical 
periodontitis in 
HCMV-positive 
patients as 
compared to 
HCMV-negative 
patients

Increased odds for 
periodontitis when 
subgingival HCMV 
was detected (OR 
5.31; 95% CI 
3.15–8.97). 
Sensitivity analysis 
based on quality of 
the included studies, 
showed consistent 
results. In contrast, 
the odds ratio for 
apical periodontitis 
when HCMV was 
detected in apical 
lesions was not 
statistically 
significant (OR 3.65; 
95% CI 
0.49–27.10).

HHV human herpesviruses, HCMV human cytomegalovirus, EBV Epstein–Barr virus, HSV herpes simplex virus, AgP 
aggressive periodontitis, AP advanced periodontitis, CI confidence interval
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Only one systematic review revealed a signifi-
cant association between increased risk for AgP 
and detection of HSV-1 (OR  =  3.63, 95% 
CI = 2.15–6.13, P = 0.009) (Li et al. 2017). On 
the other hand, due to the small number of pri-
mary studies included in the pooled study, the 
association between HSV and CP was inconclu-
sive (Zhu et al. 2015).

7.3.5.2  The Detection of Herpesviruses 
in Apical Periodontitis 
of Endodontic Origin

Two systematic reviews investigated the associa-
tion between the detection rates of herpesviruses 
and APEO (Jakovljevic and Andric 2014; Botero 
et  al. 2020). Botero et  al. (2020) did not find a 
significant association between HCMV and 
increased risk for APEO (OR  =  3.65; 95% 
CI  =  0.49–27.10, P  =  0.21). Jakovljevic and 
Andric (2014) did not show significant difference 
in the detection rates of both investigated viruses 
[EBV (OR  =  1.502; 95% CI  =  0.699–3.275, 
P  =  0.306) (I2  =  0%, P  =  0.991;); HCMV 
(OR = 2.467; 95% CI = 0.888–6.854, P = 0.083) 
(I2 = 31.1%, P = 0.202;)] between symptomatic 
and asymptomatic APEO lesions. Heterogeneity 
was observed only in the case of HCMV detec-
tion in overall APEO cases (I2 = 83%, P < 0.0001) 
(Jakovljevic and Andric 2014).

7.4  Discussion

This umbrella review provides an overview on 
the association between the detection of herpes-
viruses and different forms of periodontitis. The 
presence of HCMV, HSV, and EBV in subgingi-
val samples was associated with increased risk of 
MP, supported by the corresponding meta- 
analyses. Although the association was strong 
(OR > 3.0), the confidence intervals were wide, 
heterogeneity was notable, and studies had small 
sample size. In addition, publication bias was 
detected. On the other hand, data from systematic 
reviews that assessed APEO and herpesviruses 
did not show any significant associations.

Our analyses found five out of six systematic 
reviews with meta-analysis, of which four applied 
publication bias assessment (Begg rank correla-

tion test and/or Egger’s asymmetry test). All 
detected significant heterogeneity and small- 
study effects. The heterogeneity detected among 
the systematic reviews may be the result of real 
differences between studies or bias within studies 
included in the meta-analyses (Ioannidis et  al. 
2007; Egger et al. 1997). A combination of dif-
ferent study designs (case-control, cohort, cross- 
sectional) in the meta-analyses produces 
significant heterogeneity. In addition, the differ-
ent prevalence of periodontitis in various geo-
graphical locations, disease, and control 
definitions could also account for heterogeneity. 
Consequently, the association presented in the 
meta-analyses should be interpreted carefully, as 
this evidence does not represent causality.

The association of herpesviruses with peri-
odontal disease as co-destructive factors has been 
proposed based on the available biological stud-
ies. The alteration of the immunoinflammatory 
process within infected periodontal tissues in 
samples from human periodontal pockets and 
periapical tissues and its correlation with clinical 
parameters suggest plausibility (Slots et al. 2003; 
Contreras et al. 2014; Slots and Slots 2019). Our 
results point to a strong association between her-
pesviruses and MP, and this represents a support-
ing evidence of their contribution to periodontitis 
pathogenesis. However, more studies addressing 
other causality aspects, such as longitudinal stud-
ies and intervention studies, are necessary to help 
understand its role as risk factor.

Herpesviruses have been proposed as putative 
factors in APEO development. It was hypothe-
sized that there is a bi-directional relationship 
between viruses and different endodontic bacte-
rial species (Slots et al. 2003). Slots et al. (2003) 
assumed that endodontic bacteria are able to 
reactivate latent herpesviral infection, while her-
pesviruses induce local immune impairment and 
overgrowth of residual bacteria. Eventually, this 
bi-directional relationship, in a vicious cycle, 
ultimately leads to the destruction of periapical 
tissues. This umbrella review includes two sys-
tematic reviews related to the occurrence of her-
pesviruses in APEO. Jakovljevic and Andric 
(2014) included 17 studies for qualitative analy-
sis, while pooled results of six were used to per-
form the meta-analysis. The authors revealed no 
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significant difference in the occurrence of both 
EBV and HCMV between symptomatic and 
asymptomatic APEO lesions. Moreover, Botero 
and co-workers (2020) investigated the differ-
ence in the presence of HCMV between APEO 
lesions and healthy controls in six primary stud-
ies (three of six primary studies were included in 
the previous meta-analysis). They also revealed 
no significant differences in the occurrence of 
HCMV between investigated groups. The results 
in both systematic reviews imply that there is no 
clear evidence of herpesviral involvement in the 
pathogenesis of APEO. These results may be par-
tially explained by the presence of significant 
methodological inadequacies in primary studies. 
This issue has been thoroughly elaborated in a 
recent publication (Jakovljevic et al. 2018a).

Although there is no clear evidence of herpes-
viral involvement in the pathogenesis of APEO, it 
must be stressed that several recent investigations 
potentially reinforced the previously proposed 
bi-directional model (Jakovljevic and Milasin 
2021). Makino et al. (2018) showed that n-butyric 
acid produced by Porphyromonas endodontalis 
(PE) reactivated latent EBV infection in an in 
vitro model. The authors found that the promoter 
region of BamHI fragment Z leftward open read-
ing frame 1 (BZLF-1) and BamHI fragment Z EB 
replication activator (ZEBRA) protein was 
expressed by Daudi cells (i.e., a Burkitt lym-
phoma cell line positive for the presence of EBV) 
in a dose-dependent manner after the treatment 
with PE culture supernatants, pointing to the 
induction of virus reactivation. The same group 
of authors strengthened the idea of herpesviral- 
bacterial synergy in APEO by showing that 
Fusobacterium nucleatum, another periodonto-
pathic bacterium, also induced the expression of 
BZLF-1 mRNA and ZEBRA protein, two indica-
tors of EBV reactivation (Himi et al. 2020). Also, 
it is important to emphasize that several molecu-
lar mechanisms of EBV induced bone resorption 
in APEO have been proposed (Jakovljevic et al. 
2016). These studies dealt with ideas that the 
presence of EBV in APEO samples may induce 
periapical bone resorption via increased produc-
tion of reactive oxygen species and bone resorp-
tion regulators (Jakovljevic et al. 2018b, 2020). 

Although there is evident progress in understand-
ing the potential mechanism by which herpesvi-
ruses may contribute to the pathogenesis of 
APEO, it is still necessary to reinforce these 
hypotheses and provide more reliable data that 
will strengthen the presented results.

A limitation of this umbrella review is the 
quality of the included systematic reviews. Only 
one study was rated as high quality, one as mod-
erate, and four as critically low-quality studies. 
Systematic reviews published before 2017 were 
low quality compared to the one published in 
2020. Differences in protocol and quality assess-
ments may explain these differences. In addition, 
the inclusion of primary studies of low quality or 
with different definitions of periodontal disease 
and control (e.g., periodontitis subjects vs. non- 
periodontitis subjects or healthy sites within peri-
odontitis subjects) may account for the 
heterogeneous results. This creates real differ-
ences between studies that are related to biologi-
cal aspects of the disease that, in the end, may not 
be comparable.

Besides its limitations, this umbrella review 
has several strengths. The authors developed and 
submitted for registration a priori protocol in the 
PROSPERO database. Moreover, a comprehen-
sive literature search with no language restriction 
was performed in four electronic databases, 
including the grey literature. The literature 
search, data extraction process, and quality 
assessment of included studies were conducted 
by two independent reviewers, and disagree-
ments were resolved by a third experienced 
reviewer. Finally, all included systematic reviews 
were critically appraised and assessed for quality 
using the AMSTAR 2 tool.

This systematic review did not attempt to per-
form meta-analysis as overlapping of many stud-
ies among systematic reviews was observed. This 
means that meta-analysis from individual sys-
tematic reviews frequently included the same 
studies. As a result, pooling the results of multi-
ple systematic reviews would produce an 
increased statistical power to multiply redundant 
primary studies (Pieper et al. 2014). Overlapping 
analysis should be included in standardized 
umbrella review protocols.

A. Jakovljevic et al.
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7.5  Conclusion and Perspectives

Low-quality studies with high uncertainty sug-
gest a strong association between herpesviruses 
and marginal periodontitis, but not with apical 
periodontitis of endodontic origin.
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Abstract

The development of oral biofilm models has 
been extremely important to study the specific 
role of most microbial species at the early 
stages of periodontitis. The current knowledge 
on monospecies or multispecies biofilms orig-
inates mainly from the observation of in vitro 
dynamic or static biofilm model systems, 
which were engineered to mimic clinical oral 
conditions. In the last few decades, mounting 
evidence has confirmed that biofilms are the 
major form of bacterial lifestyle, and more 
importantly, that microorganisms dwelling in 
sessile mixed-species aggregates display com-

pletely different phenotypes and physiological 
characteristics than when living in planktonic 
pure cultures. Interspecies interactions within 
these communities, mediated by chemical 
communication systems, have been shown to 
affect biofilm physiology and increase antimi-
crobial resistance by up to 1000 fold. These 
aspects reinforce the importance of develop-
ing multispecies biofilm models to better 
understand and control biofilms. Literature 
reports demonstrate that while monospecies 
models are still most commonly used in caries 
research, authors have used different multi-
species models to study periodontal diseases. 
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Periodontitis is a polymicrobial biofilm- 
dependent disease mainly associated with 
Porphyromonas gingivalis, Tannerella for-
sythia, and Treponema denticola. Interestingly, 
these species hardly adhere to substrates com-
monly used for biofilm formation, which 
makes multispecies models essential for an 
accurate analysis of periodontitis-related bio-
films. The multispecies models currently 
available are generally composed of 6–10 spe-
cies, but a more recent 34-species model was 
developed to better examine the dynamics 
within oral biofilms. The complexity of such 
polymicrobial biofilm models mimics more 
consistently the oral microbiome and different 
aspects of the oral environment. Collectively, 
the evidence on multispecies biofilm models 
described herein may support future studies 
on the use of antimicrobials for biofilm con-
trol as well as provide research opportunities 
to expand the current knowledge on interspe-
cies interactions. The present manuscript 
reviews the most recent updates on in vitro 
biofilm model systems for periodontitis.

Keywords

Multispecies biofilm · Periodontitis · In vitro 
model

Abbreviations

AHLs N-acyl homoserine lactones
AI Auto Inducers
AIPs autoinducing peptides
CBD Calgary biofilm device
c-di-GMP cyclic diguanylate
CF cystic fibrosis
DFR drip-flow reactor
DFS Diffusible Signal Factor
ECM extracellular matrix
EPS exopolysaccharides
PAME Palmitic Acid Methyl Ester
PQS Pseudomonas Quinolone Signal
QS quorum sensing
SAM S-adenosylmethionine
sRNAs small RNAs
TCS two-component systems

Considerations for Practice

• Biofilms are the major form of bacterial 
lifestyle and provide additional survival 
and resistance-related benefits than the 
planktonic form.

• Biofilm models are relevant to under-
stand microbial interactions and provide 
preliminary evidence for future clinical 
trials testing novel antimicrobial 
strategies.

Patient Summary

Bacteria can develop biofilms in the oral 
cavity to serve as an energy source, protec-
tion against antimicrobials, and cell-to-cell 
interactions. Dysbiosis of subgingival bio-
films is considered the major etiological 
factor associated with the onset and pro-
gression of periodontitis. Several biofilm 
models have been proposed in the litera-
ture; more recently, a novel model com-
posed of over 30 species was developed, 
including disease- and health-associated 
bacteria, to evaluate the preventive effects 
of antimicrobial strategies in periodontal 
and peri-implant diseases. The use of a bio-
reactor is also an interesting approach to 
develop multispecies biofilms as it man-
ages to mimic more accurately the oral 
environment and its inherent variables.

Highlights

• The structure and composition of bio-
films may significantly contribute to 
antimicrobial resistance.

• Periodontitis is a polymicrobial biofilm- 
dependent disease that has been studied 
through several biofilm model systems.

• Multispecies biofilm models are more 
accurate to investigate interspecies 
interactions within oral biofilms.

• Models that better mimic the oral envi-
ronment are preferred for their similari-
ties with clinical oral conditions.

M. M. Prado et al.
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8.1  Introduction

More than 700 bacterial species have been identi-
fied in the oral cavity (Paster et  al. 2005; Utter 
et al. 2016). The analysis of microbiological cul-
tures and molecular biology has indicated that 
microbial communities differ in composition 
according to the environment in which they are 
established (Simón-Soro et  al. 2013). For 
instance, the ecological conditions of supra- and 
subgingival milieus are substantially different 
and thereby promote the establishment of a 
diverse range of microbial communities (Marsh 
and Devine 2011). Once the dental surfaces are 
entirely covered by commensal bacteria, other 
exogenous and often pathogenic species cannot 
thrive (Hajishengallis 2015). Nevertheless, if not 
removed through daily oral hygiene, undisrupted 
biofilms on the tooth surface may trigger a dysbi-
otic state resulting in an inflammatory reaction of 
periodontal tissues, known as gingivitis. In sus-
ceptible individuals, gingivitis may progress to 
periodontitis, which is a more complex condition 
of multifactorial pathogenesis characterized by 
major inflammatory reactions in the tooth sup-
port tissues, with significant loss of the alveolar 
bone (Knight et al. 2016).

Until now, the specific role that most species 
play in the beginning and progression of peri-
odontitis remains unknown. Therefore, research 
using microcosms and oral biofilm models is 
extremely important (Crielaard and Cate 2010; 
Koopman et  al. 2015). The current knowledge 
about monospecies or multispecies biofilm origi-
nates from observations of in vitro biofilm model 
systems, whether dynamic (in which the culture 
media circulate continuously over the substrate) 
or static (with no continuous flow of the culture 
media), with both advantages and disadvantages 
to consider (Røder et al. 2016).

The oldest static system for microbial growth 
is the agar plate, in which bacterial cultures are 
grown on a suitable solid medium. However, this 
method requires a large area and a high amount 
of culture media for biofilm formation and does 
not reproduce accurately the actual biofilm envi-
ronment. To overcome these limitations, static 
systems have been significantly improved (Røder 

et al. 2016). The next generation of biofilm mod-
els was the microtiter plate system, which enabled 
the analysis of cell adhesion and multispecies 
biofilm formation at the bottom of the wells (Luo 
et al. 2020; Røder et al. 2016). A combination of 
the microtiter plate system with the Calgary 
Biofilm Device (CBD) resulted in a new biofilm 
model, which allows a better distribution of the 
biofilm and mimics the organization of bacterial 
cells within the oral environment. In this model, 
biofilms are formed around 96 pins that are 
adhered to the lid of the device and fit inside the 
96 wells, once the plate is closed. The bottom of 
the well serves to channel the media flow through 
the pins, thereby creating a consistent shear force 
on all pins which results in equivalent biofilm 
formation around each pin (Ceri et  al. 1999; 
Harrison et al. 2010). This system has been used 
in multispecies biofilm studies to quantify bio-
mass and biofilm composition (Ren et al. 2014). 
Although they are still used, static models do not 
simulate the flow of fluids present in the oral 
microbiome and may be subject to nutrient deple-
tion (Sim et al. 2016).

Some approaches used to simulate biofilm 
formation more consistently are continuous flow 
systems such as chemostats, constant depth film 
fermenters, flow cells, and artificial mouth bio-
film models (Bradshaw et al. 1996a, b; Busscher 
and Van Der Mei 2006; Prado et al. 2020). Some 
of these systems have a cultivation chamber that 
can be observed directly under a microscope 
(Pamp et al. 2009). Other variations of continu-
ous systems are the drip flow reactor (Goeres 
et al. 2009) and the flow systems using a standard 
well format, composed of microfluidic channels 
that allow for a higher transfer rate analysis 
(Benoit et al. 2010).

Several therapeutic strategies have attempted 
to mitigate the formation of bacterial biofilm 
complexes associated with the onset of chronic 
periodontitis, a condition with high prevalence 
rates (Dommisch and Kebschull 2014) and one of 
the main causes of tooth loss (Griffen et al. 2012). 
Nevertheless, although a wide variety of biofilm 
systems have been successfully developed to 
improve the experimental conditions under which 
oral biofilms are formed and matured, the ideal 
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study model is far from being achieved. Thus, 
expanding our knowledge about the formation 
and development of pathogenic biofilms and 
intra- and interspecies interactions within biofilm 
communities is very much needed.

In this review, we discuss the most recent 
updates on in vitro biofilm model systems for 
periodontitis. Collectively, the evidence described 
herein may support future studies on the use of 
antimicrobials for biofilm control and provide 
further research opportunities to elucidate cell- 
to- cell interactions.

8.2  Biofilms

8.2.1  The History of a Lifestyle

Since Koch and Pasteur viewed microbes under a 
microscope and developed methods to isolate 
pure cultures and study microorganisms, micro-
biologists have produced mounting evidence on 
microbial biology, pathogenesis, and general 
metabolism by growing bacteria as single organ-
isms, floating in growth media, isolated from 
each other. As a result, most of our current knowl-
edge on how microbes live and infect hosts came 
from studies carried out with microorganisms 
grown under free-swimming (planktonic) condi-
tions. Despite the enormous advances brought by 
these studies to the management of infectious 
diseases and improvement of human health, 
microbiologists were still faced with difficulties 
in eradicating infections or growing isolated cul-
tures in the laboratory. These difficulties were the 
first indications that the single-cell, ‘individualis-
tic lifestyle” that constituted the basis of microbi-
ologists working model for understanding 
bacterial metabolism and pathogenesis, did not 
fully correspond to microorganism’s actual life-
style “outside the lab”.

Even though planktonic growth was adopted 
as the model of choice for studying microorgan-
isms, sessile surface-associated bacteria had 
already been described since the early 1900s. In 
1933, Henrici reported his surprise to identify 
bacteria growing attached to glass slides as 
microcolonies, formed by individuals display-

ing a different morphology from their free-liv-
ing counterparts, which were “not removed by 
washing under tap water” and “were clearly sur-
rounded by a sheath of gum which also served 
to fasten the colony to the glass”. thus estab-
lished a long-lasting field of research on what 
came to be known as “biofouling, (Henrici 
1932).

The link between chronic infections and bac-
terial aggregates was established later, in 1973, 
when Høiby & Axelsen examined sputum from 
cystic fibrosis (CF) patients with chronic P. aeru-
ginosa lung infection (Høiby and Axelsen 1973). 
Although the term “biofilm” had been used for 
the first time in 1975 to describe “microbial films 
that develop upon all objects submerged in natu-
ral waters” (Mack et  al. 1975), it was only in 
1981 that it appeared for the first time in a clinical 
report describing the “acquired pellicle which 
forms on all solid surfaces in the oral cavity” 
(Jendresen and Glantz 1981). Since then, several 
studies have demonstrated that biofilms represent 
the lifestyle of choice for most microorganisms, 
not only in nature but also in industrial and clini-
cal environments, including symbionts and 
pathogens when colonizing their hosts (Geesey 
et al. 1977; Hall-Stoodley et al. 2004). It became 
then clear that microorganisms in these sessile 
mixed-species aggregates displayed completely 
different phenotypes and physiological charac-
teristics than when living in planktonic pure cul-
tures. As a result, microbiologists were led to 
reassess their working models to generate data 
that better reflected microbial metabolism, ecol-
ogy, and pathogenesis, and consequently it 
became of paramount importance to understand 
the life of microorganisms inside this structure 
called “biofilm”.

8.2.2  What Are Biofilms and Why 
They Are so Important?

Biofilms are generally defined as communities of 
sessile microorganisms, aggregated and/or 
attached to a surface, embedded in layers of slime 
mostly secreted by the microbes themselves. 
These communities thrive in any environment 
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that provides minimal humidity and nutrients, 
generally in solid-liquid interfaces, although 
floating biofilms have also been described, com-
posed of flocs of cell aggregates, not attached to 
any surface (Flemming and Wingender 2010; 
Nosyk et al. 2008). Biofilms are normal compo-
nents of human, animal, and plant microbiomes, 
found ubiquitously in natural environments such 
as mouth; digestive, urinary and respiratory 
tracts; sludge, clean and wastewater pipes; clean-
ing sponges; and toothbrushes. There appear to 
be few limits to the ability of biofilms to colonize 
any environment.

Beneficial biofilms play an important role in 
maintaining health and homeostasis, − a healthy 
biofilm contributes to host and environmental 
health. Biofilms are also important to industrial 
processes such as wastewater treatment, biodeg-
radation, and bioremediation, they teach our 
immune system to recognize self from non-self, 
and keep pathogens from colonizing host, con-
tribute to oral health, prevent intestine disfunc-
tions and infections in general (Morikawa 2006; 
Vestby et al. 2020). On the downside, imbalanced 
biofilms are very difficult to eliminate and may 
lead to the onset of chronic diseases, infections, 
biofouling, pipe clogging and corrosion, and con-
tamination in food industry and indwelling 
devices in hospital patients, thereby causing 
major economic burden and loss of human lives 
(Vestby et al. 2020; Vishwakarma 2020). Clinical 
biofilms are responsible for approximately 80% 
of all chronic wounds (Sen et  al. 2020) and, 
according to the National Institutes of Health 
(USA), more than 80% of all microbial infections 
are biofilm-related (Musk Jr. and Hergenrother 
2006). When organized in biofilms, bacteria can 
survive antibiotic treatments at concentrations up 
to a thousand times higher than those necessary 
to kill their planktonic counterparts. The biofilm 
structure also protects colonizers against dehy-
dration, acid attacks, salinity, and phagocytosis 
(Pereira et al. 2014). Therefore, it is not surpris-
ing that all antimicrobial-resistant bacteria listed 
by the World Health Organization as high priority 
pathogens for which new therapies are needed 
are biofilm-forming bacteria (World Health 
Organization 2017).

Both benefits and drawbacks of biofilms 
derive from their complex structure and physiol-
ogy, which are related to the metabolic heteroge-
neity of their components due to adaptation to the 
community lifestyle.

8.2.3  Biofilm Structure

As previously mentioned, biofilms are composed 
of aggregates of microbial cells embedded in a 
slime secreted by the microorganisms them-
selves. This extracellular matrix (ECM) accounts 
for 90% of their dry mass and is composed of 
exopolysaccharides (EPS), extracellular DNA 
(eDNA), RNA, proteins, and lipids. The ECM 
plays a crucial role in biofilm formation and 
maintenance, and is responsible for its longstand-
ing attachment to biotic and abiotic surfaces. It 
mediates cell aggregation, provides cohesion 
required to preserve biofilm’s architecture, allows 
cell-to-cell communication, acts as a protective 
barrier against desiccation, confers tolerance to 
antimicrobial agents and resistance to host 
defenses during infection. It also enables the 
accumulation of nutrients from the environment 
(e.g., C, N, and P), recycles components from 
lysed cells, facilitates horizontal gene transfers 
between members of the community, and enables 
the enzymatic digestion of structural EPS, allow-
ing the release of cells from the biofilm in the 
final steps of its lifecycle (Flemming and 
Wingender 2010).

Analysis of three of the best biofilm model 
organisms, Pseudomonas aeruginosa, 
Escherichia coli, and Vibrio cholerae, indicated 
that biofilm formation can be described as a 
three-stage process, involving (i) attachment of 
planktonic cells, (ii) maturation of the sessile 
community, and (iii) dispersal of cells to form a 
new biofilm (Davey and O’toole 2000), a process 
that can be described as “bacterial metastasis.

Biofilm formation begins when planktonic 
(free-swimming) bacteria are stimulated to adopt 
a sessile lifestyle and reversibly adhere to a sur-
face in response to environmental stimuli such as 
temperature, pH, osmolality, and nutrient avail-
ability (Desai and Kenney 2019). The most effi-
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cient way for bacteria to approach surfaces is 
swimming by flagella-mediated motility, while 
non-motile bacteria must rely on passive trans-
port, either via Brownian motion, flotation, or 
gravitational forces, to reach their target (Berne 
et al. 2018). After this initial approach, the bal-
ance between attractive and repulsive forces 
between bacteria and biotic or abiotic surfaces 
determines the outcome of the subsequent adhe-
sion steps: Van der Walls interactions are usually 
attractive, hydrophobic interactions can be attrac-
tive or repulsive depending on the environment 
and bacterial surface, whereas electrostatic inter-
actions are modulated by the ionic strength and 
pH of the surrounding media. Bacterial cellular 
appendages such as flagella and pili, LPS, and 
possibly membrane proteins, are also important 
at this early stage to establish an initial reversible 
adhesion. Besides having a crucial role in swim-
ming motility, flagella are also used to explore 
the surface topology and establish physical con-
tact acting as adhesins. Once a bacterial mono-
layer is formed over the surface, flagella 
production is downregulated and pili-mediated 
adhesion and twitching motility, which have been 
shown to be crucial to the establishment of more 
stable bacteria-surface interactions, are used to 
consolidate the initial attachment, allowing cells 
to reposition over the surface before more adhes-
ins are produced (Zamani and Salehzadeh 2018). 
Irreversible adhesion initiates through interac-
tions mediated by bacterial appendages and 
hydrogen bonds, and is reinforced by hydropho-
bic interactions promoted by the displacement of 
interfacial water between bacteria and the sur-
face. Contact with the surface stimulates adhesin 
production and strengthens bacteria-surface irre-
versible interactions (Berne et  al. 2018). Once 
individual cells achieve irreversible adhesion 
colonization of the surface and formation of mul-
ticellular biofilm begin, with bacteria aggregating 
in microcolonies through twitching motility. 
These microcolonies grow both by proliferation 
of previously attached bacteria and recruitment 
of planktonic cells from the environment through 
cell signaling.

As biofilm matures, EPS production is trig-
gered forming the scaffold that supports biofilm’s 

complex structure. This 3D architecture is not a 
random structure, it is genetically determined and 
constituted by towers crossed by water channels 
that are essential to keep the flow of liquid that 
provides nutrients and carry toxic metabolic 
waste away from the community (Desai and 
Kenney 2019). These tower structures are often 
described as a “network of mushrooms”, in which 
the stalks are formed by bacterial clonal growth 
while the caps are formed by motile bacteria that 
use type IV pili mediated motility climb the 
stalks (Bjarnsholt et al. 2013). To build such an 
intricate architecture, free-swimming (plank-
tonic) cells undergo a series of phenotypic and 
metabolic modifications during the biofilm’s life 
cycle, most of which involving transcriptional 
regulation control in response to cell-to-cell 
communication.

8.2.4  Genetic Control of Biofilms

Biofilm formation is a fine-tuned developmental 
process that converts motile individual cells into 
sessile cooperative communities. As previously 
mentioned, the first step in this transition, initial 
attachment, is controlled by a number of environ-
mental cues, including nutrient availability, 
osmolarity, pH, iron availability, oxygen tension, 
and temperature. These cues are perceived by 
bacterial sensors and trigger phenotypic changes 
through gene activation and inactivation, the 
most spectacular of which leads to flagella depo-
lymerization and pili production (Davey and 
O’toole 2000; Kilmury and Burrows 2018).

The next steps in biofilm development rely 
upon even more spectacular phenotypic transi-
tions to allow individual bacteria to adopt the 
cooperative behavior necessary for a community 
lifestyle. A central requirement to allow individ-
ual cells to cooperate, is their ability to communi-
cate so it came as no surprise when biofilm 
maturation was reported to be regulated by cell 
signaling mechanisms such as Quorum-Sensing 
(QS), cyclic diguanylate (c-di-GMP), two- 
component systems (TCS), and small RNAs 
(sRNAs) (Yi et al. 2019). Amongst these four sig-
naling systems involved in biofilm regulation, 

M. M. Prado et al.



165

Quorum Sensing (QS) is the most widely used, 
controlling most of the physiological changes 
during biofilm maturation.

QS is a cell-to-cell communication system 
that allows microorganisms to sense population 
density and coordinate their response in the com-
munity environment through synchronized 
changes in gene expression. QS was first reported 
in the 1970s to describe the mechanism that con-
trols bioluminescence in marine bacteria such as 
Vibrio fischeri and Vibrio harveyi (Nealson and 
Hastings 1979). This chemical system allows cel-
lular communication within and between species 
of bacteria, as well as interkingdom communica-
tion between microorganisms and their hosts, 
from fungi to plants and human cells (Khan et al. 
2019). More recently, QS systems were described 
in viral species and reported to mediate commu-
nication between viruses and their hosts (Erez 
et al. 2017; Silpe and Bassler 2019).

Within biofilms, when community reaches a 
certain population density, QS triggers a coordi-
nated expression of virulence-related genes, such 
as resistance to antibiotics, motility control, or 
EPS production, through a process that includes 
production, accumulation, detection, and 
response to chemical signals called Auto Inducers 
(AI). The most prevalent AIs that regulate QS are 
N-acyl homoserine lactones (AHLs) in Gram- 
negatives, autoinducing peptides (AIPs) in Gram- 
positives, and Autoinducer-2 (AI-2) in both 
Gram-negatives and Gram positives. Other signal 
molecules have also been described in the litera-
ture, including Autoinducer-3 (AI-3), 
Pseudomonas Quinolone Signal (PQS), 
Diffusible Signal Factor (DSF), 
S-adenosylmethionine (SAM), and hydroxyl- 
Palmitic Acid Methyl Ester (PAME) (Khan et al. 
2019; Yi et al. 2019).

In classical QS mechanisms, the constitutive 
expression of signal molecules by microorgan-
isms leads to a progressive accumulation of AIs 
within the biofilm. When these signaling mole-
cules reach a critical concentration, they switch 
transcription of effectors genes on or off, through 
interaction and activation of specific receptors or 
response-regulators (Valen and Scheie 2018). 
This intricate and fine-tuned communication sys-

tem coordinates biofilm maturation until its final 
step, signaling for disassembling the biofilm 
community.

Just as QS-controlled biofilm formation and 
maturation is important for keeping microbial 
communities in a protected environment, biofilm 
dispersion is vital to enable microorganisms to 
colonize new niches when nutrients become lim-
ited and metabolic wastes accumulate. This last 
step in biofilm life cycle is also controlled by 
cell-to-cell communication via QS, and it can be 
achieved by either inhibition of synthesis of the 
matrix compounds, matrix degradation, or dis-
ruption of non-covalent interactions between 
matrix components through upregulation of sur-
factant production (Irie et al. 2005; Solano et al. 
2014).

As mentioned above, QS allows not only 
intraspecies but also interspecies and even inter-
kingdom communication. Since biofilms in 
 natural environments rarely exist as monospe-
cies, being composed of microorganisms of dif-
ferent species and genera, the ability to exchange 
signals among community members is essential 
for biofilms evolutive success. These interspecies 
interactions have been shown to affect biofilm 
physiology, so in order to better understand and 
control biofilm-related diseases and hazards it is 
important to develop and study multispecies bio-
film models.

8.3  Periodontal Disease

Periodontitis is a chronic inflammatory condition 
initiated by pathogenic microorganisms that 
compromises support and protective tissues of 
the tooth, such as gingiva, alveolar bone, cemen-
tum, and periodontal ligament (Socransky and 
Haffajee 1994; Socransky and Haffajee 2005). 
The irreversible destruction of the connective tis-
sue and alveolar bone causes the main clinical 
signs associated with periodontitis: gingival 
inflammation, deep pockets, loss of clinical 
attachment, mobility and, possibly, tooth loss. A 
systematic revision of 72 studies with data from 
291,170 individuals aged above 15 years from 37 
countries, predicted that the global prevalence of 
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severe periodontitis in 2010 was 10.8%, indicat-
ing that approximately 743 million people were 
affected worldwide (Kassebaum et al. 2014).

The etiology of periodontitis is related to an 
imbalance of the oral microbiome. In the last 
years, scientific studies using different microbio-
logical techniques were carried out to identify the 
microorganisms present in the subgingival bio-
film. Nowadays, it is well established that the 
orange and red complex species described in 
1998 by Socransky et  al. (1998) are the main 
periodontal pathogens. The species in the red 
complex (Porphyromonas gingivalis, Tannerella 
forsythia, and Treponema denticola) are consid-
ered the most pathogenic for their strong positive 
correlation with poor clinical parameters of peri-
odontal disease, such as probing depth, clinical 
attachment level and gingival bleeding (Socransky 
and Haffajee 1994; Socransky and Haffajee 
2005). The orange complex is composed of 
Fusobacterium nucleatum ssp., Fusobacterium 
periodonticum, Prevotella intermedia, Prevotella 
nigrescens, Parvimonas micra, Eubacterium 
nodatum, Campylobacter rectus, Campylobacter 
showae, Campylobacter gracilis and 
Streptococcus constellatus.

Scientific evidence shows that the progression 
of periodontitis occurs as a result of the host 
immune response to toxins and virulence factors 
released by pathogens. The host’s response to the 
attack of microorganisms stimulates the recruit-
ment of cells that actively participate in the 
inflammatory process and immune response 
(e.g., polymorphonuclear neutrophils, mono-
cytes, lymphocytes, and plasma cells). These 
cells, together with those present in the periodon-
tium, such as endothelial cells, fibroblasts, osteo-
blasts, cementoblasts, osteocytes, and osteoclasts, 
produce a range of immunoinflammatory media-
tors, cytokines, and proteolytic enzymes, bio-
markers that play an important role in the 
pathogenesis of periodontitis.

In the last 30 years, the classification of peri-
odontitis was repeatedly revisited to comply with 
the most recent scientific evidence available. 
Most studies tried to determine whether the dif-
ferent phenotypes represented different diseases 
or variations of a single disease. Therefore, the 

2017 World Workshop on the New Classification 
about Periodontal and Peri-Implants Diseases 
and Conditions reviewed the scientific evidence 
and adopted a new classification scheme. Disease 
forms described then as “chronic” and “aggres-
sive” were allocated to the “periodontitis” cate-
gory. A multidimensional system of stages and 
degrees was developed to better describe the dif-
ferent manifestations of periodontitis in individ-
ual cases. The stages (I, II, III, and IV) describe 
the severity and spread of the disease, whereas 
the degrees (A, B, and C) describe the likely rate 
of progression (Caton et  al. 2018; Papapanou 
et al. 2018).

8.4  Biofilm Models

8.4.1  Monospecies Biofilms

Monospecies biofilm models are widely used for 
their ease to assess the most remarkable meta-
bolic characteristics of microbial communities 
(Lemos et al. 2013) and to determine the effects 
of chemical and natural agents on specific micro-
bial species (Bueno-Silva et  al. 2017; Tomás 
et al. 2007; Veloo et al. 2012). However, mono-
species biofilm models do not represent the actual 
condition of periodontal disease whose develop-
ment results from strong interactions between 
several microbial species. Therefore, monospe-
cies biofilm models are more adapted for caries 
research, in which the analysis of a single species 
seems to be more relevant. Streptococcus mutans 
is considered an important etiological agent (and 
secondary colonizer) of tooth decay due to its 
virulence factors, such as EPS production, acidu-
ricity, and acidogenicity (Loesche 1986; Heller 
et al. 2016).

Several substrates have been described in the 
literature for the analysis of monospecies bio-
films, including 96-well plates or Petri dishes. 
However, cultivating bacteria on the bottom of 
these devices raised the question of whether bio-
films were formed by passive cell deposition due 
to gravity or were truly the result of an active pro-
cess of biofilm formation. Thus, the development 
of a new device consisting of hydroxyapatite 
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discs placed vertically in 24-well plates onto 
which biofilms were “actively” adhered, was 
considered a great advance to test the antibiofilm 
effects of antimicrobial drugs.

This model is comprised of saliva-coated 
hydroxyapatite (sHA) discs placed in a vertical 
position in 24-well plates. Streptococcus mutans 
cultures are inoculated into the wells along with 
culture media supplemented with sucrose. The 
choice for sucrose is based on previous evidence 
showing that it induces greater EPS production 
and pH drops than other sugars (Koo et al. 2010). 
In this model, biofilms are initially grown undis-
turbed for 24 h, and then it is possible to perform 
two 1-min treatments per day, until day 5, mim-
icking the use of a dental hygiene product. 
Usually, right after the experimental phase 
(5 days), the following biochemical data can be 
analyzed: total biomass, EPS content (extracel-
lular and intracellular insoluble and soluble poly-
saccharides), protein content, and the number of 
viable cells. In addition, during the 5 days of bio-
film formation, samples can also be analyzed 
under Scanning Electron Microscopy (Cunha 
et  al. 2013) and/or Confocal Laser Scanning 
Microscopy. The latter allows to quantify biofilm 
thickness and determine the proportions of bacte-
rial cells and EPS (Freires et  al. 2015). At last, 
this monospecies biofilm model can also be used 
to evaluate gene expression in S. mutans (Bueno- 
Silva et  al. 2013) and to test the antibiofilm 
effects of novel antimicrobials, such as natural 
products (Cunha et al. 2013; Freires et al. 2015) 
or novel dental materials incorporated with an 
antimicrobial agent (Bim-Júnior et  al. 2020; 
Rodrigues et al. 2020).

Although they are relevant to caries research, 
monospecies biofilms rarely occur in the oral 
cavity, which is mostly composed of dynamic 
multispecies biofilms.

8.4.2  Multispecies Biofilms

Biofilms are highly resistant to antimicrobial 
agents, mechanical forces, nutrient deprivation, 
extreme pH fluctuations, and the immune system 
(Shaddox et  al. 2010). Experiments show that 

mixed biofilms display a higher degree of patho-
genicity when compared to monospecies cultures 
as a result of polymicrobial synergism between 
community members (Ebersole et  al. 2017; 
Lamont et al. 2018).

Oral multispecies biofilm models have been 
used for several distinct purposes, namely: kinet-
ics of biofilm formation (Sánchez et  al. 2011); 
alternative strategies to prevent peri-implantitis 
(Pingueiro et al. 2019); and to compare the effec-
tiveness of mouthwashes (de Miranda et al. 2020) 
and modified dental materials (Yang et al. 2020), 
among others.

A recent study (Shany-Kdoshim et  al. 2019) 
reported the use of lethal photosensitization or 
antimicrobial photodynamic therapy (aPDT) as a 
complementary approach in the treatment of 
periodontitis. The authors determined the imme-
diate and delayed effects of a non-cohesive treat-
ment with a blue light on the viability of anaerobic 
multispecies biofilms in vitro and provided 
insights into possible mechanisms of action. 
Multispecies biofilms were formed with 
Streptococcus sanguinis, Actinomyces naeslun-
dii, Porphyromonas gingivalis, and 
Fusobacterium nucleatum, and examined by flow 
cytometry and confocal microscopy (Shany- 
Kdoshim et al. 2019).

There has been a great effort of the scientific 
community to find and/or develop new antimi-
crobials capable of controlling subgingival 
multispecies biofilm formation. Hence, in vitro 
biofilm models are widely used for the initial 
evaluation of the antimicrobial activity of new 
compounds and/or formulations. For instance, 
Miranda et  al. (2019) and Figueiredo et  al. 
(2020) investigated the antimicrobial effects of 
the ethanolic extract of Brazilian red propolis 
(BRP) on multispecies biofilms. This biofilm 
model includes 34 species from all bacterial 
complexes described by Socransky et  al. 
(1998). Biofilms are developed in the Calgary 
Biofilm Device (CBD), which contains a lid 
with 96 polystyrene pegs that fit the wells of a 
96-well plate. The advantages of this model 
include the huge number of samples that may 
be tested per run; a vast number of bacterial 
strains that can be tested; and the “active” 
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binding of bacteria onto vertically-positioned 
pegs (de Figueiredo et al. 2020; Miranda et al. 
2019).

Bacterial growth curves are prepared for each 
species in the model. Then, 1x 104 CFU of each 
microorganism is placed over the CBD and incu-
bated at 37  °C under anaerobic conditions. On 
day 3, the spent medium is replaced and biofilm 
cultures are kept at 37 °C under anaerobic condi-
tions for an additional 4  days, to obtain seven- 
day- old biofilms. At this point, two possible 
treatment schemes can be tested: (1) two 1-min 
daily treatments from day 3 until day 7; and (2) 
24-h treatment, to be initiated on day 6. The first 
therapeutic scheme was developed to mimic the 
topical use of dental hygiene products, such as 
toothpastes and/or mouthwashes, whereas the 
second scheme was based on the systemic use of 
common antimicrobials, such as amoxicillin and 
metronidazole (de Figueiredo et  al. 2020; de 
Miranda et al. 2020).

This model also applies to different biomateri-
als for dental implants. Several strategies have 
been proposed to reduce or even eliminate bacte-
rial load in peri-implant areas. Two major analy-
ses can be performed using this model, namely: 
(1) determination of the pulsed electromagnetic 
field (PEMF) that can affect the cytoplasmatic 
membrane, leading to pore formation, leakage of 
cellular components, and cell death (Faveri et al. 
2020); and (2) the chemical treatment of implant 
surfaces to prevent bacterial colonization of den-
tal implants and peri-implantitis (Pingueiro et al. 
2019).

8.4.3  Dynamic Oral Biofilm Models

Dynamic oral biofilm models can mimic the oral 
microbiome more consistently, allowing the con-
trol and simulation of different oral conditions, 
such as blood and salivary flow, gas tension, pH, 
and substrates available on the biofilm surface 
(Dezelic et al. 2009; McBain et al. 2005; Sissons 
et al. 1991). These models can be run in various 
systems, such as fed-batch bioreactors (De 
Winter et al. 2019; Prado et al. 2020), chemostats 
(Bradshaw et al. 1996a, b; McBain et al. 2005), 

constant depth film fermenters (Pratten et  al. 
2000), artificial mouth models (Sissons et  al. 
1991), flow systems (Benoit et al. 2010), among 
others. In the in vitro work proposed by Prado 
et  al. (2020), 29 bacterial species formed peri-
odontal biofilms in a bioreactor with agitation for 
3 days. Figure 8.1 shows the model proposed by 
Prado et al. (2020), which can be compared with 
the static model using the CBD proposed by 
Figueiredo et al. (2020).

De Winter et al. (2019) also used a bioreactor 
to elucidate interspecies bacterial interactions. 
The two-species in vitro model with Streptococcus 
gordonii and Porphyromonas gingivalis allows 
existing Genome-Scale Metabolic Networks 
(GSMNs) to be selected and transformed into 
Dynamic Flow Balance Analysis (dFBA) models 
(De Winter et  al. 2019). In both studies (Prado 
et al. 2020; De Winter et al. 2019), the bioreactor 
used in batch form allowed the control of param-
eters such as pH, anaerobiosis, temperature, and 
agitation, to mimic the oral environment.

The use of bioreactors in continuous format 
also allowed the formation of biofilms in aerobio-
sis. Using a multispecies model with 10 bacterial 
strains, researchers concluded that mixed cul-
tures may protect obligate anaerobes from the 
toxic effects of oxygen, both in the in vitro 
formed biofilm and environmental growth 
(Bradshaw et al. 1996a, b). McBain et al. (2005) 
developed the Multiple Sorbarod Device (MSD), 
which works in continuous operation mode (in 
pulses) for growth of oral biofilms from human 
saliva. This device allowed the growth and viabil-
ity of bacteria and the development of complex 
and stable salivary biofilms. It is considered a 
simple and reproducible tool for modeling oral 
bacterial ecosystems and for studying oral micro-
ecology (McBain et  al. 2005). Another study 
tested a multispecies model produced in a con-
stant deep film fermenter (CDFF) using bovine 
enamel discs for cell adhesion. Biofilms were fed 
with artificial saliva in continuous mode. The 
microstructure of the biofilms proved to be com-
plex, with groups of bacteria developing over 
time, separated by channels (Pratten et al. 2000).

The drip-flow reactor (DFR) was tested in 
continuous format for 48 h and allowed the devel-
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opment of low shear monospecies biofilms of 
Pseudomonas aeruginosa (Goeres et  al. 2009) 
and Streptococcus mutans (Adams et  al. 2002). 
The advantages of this method include biofilm 
formation near the air-liquid interface, and the 
simulation of environments such as food process-
ing in conveyor chains, catheters, lungs with cys-
tic fibrosis, and the oral cavity. Because of their 
low shear, formed biofilms may have a smooth 
and loosely bound appearance. Microscopically, 
biofilms look similar to a leaf with few architec-
tural details. Some advantages of this type of 
reactor are a relatively short time required for 
biofilm formation and the testing of novel drugs 
for their antibiofilm properties (Yuan et al. 2012).

The use of flow systems using a standard well 
format, composed of microfluidic channels and a 
pneumatic pump, allowed a higher continuous or 
intermittent flow rate analysis at a wide range of 
speeds for 96 individual P. aeruginosa biofilms. 
The plate used in these systems is compatible 
with most readers, allowing a fast and accurate 

analysis of biofilm viability. In addition, the 
effects of various antimicrobials on biofilm via-
bility can be quickly determined (Benoit et  al. 
2010).

The artificial mouth of multiple stations devel-
oped by Sissons et  al. (1991) uses saliva as an 
inoculum and artificial media for the develop-
ment of multispecies biofilms. Importantly, this 
method produces biofilms that have a metabolism 
and pH typical of in vivo biofilms and which can 
be analyzed during biofilm development. This 
system also allows the manipulation of important 
environmental variables for pH control within the 
biofilm (Sissons et al. 1991). Subsequent studies 
in the literature examined the composition of 
formed biofilms through changes in media sup-
plementation (Wong and Sissions 2001). 
Table 8.1 shows a summary of the dynamic bio-
film models described in this review.

Lastly, microscopic observations of multispe-
cies biofilms revealed the presence of physiologi-
cally distinct cells, commonly present in 

Fig. 8.1 Experimental design – (a) reactivation of bacte-
rial species; (b) sectioning of tooth specimens; (c) cultiva-
tion in bioreactor (biofilm formation); (d) cultivation in 

the Calgary Biofilm Device; biofilm analysis: (e) CFU, (f) 
SEM, and (g) Checkerboard DNA-DNA Hybridization
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subpopulations, which differed during biofilm 
development (Pamp et  al. 2009). Interestingly, 
previous studies clarified that such cell subpopu-
lations have different sensitivity to antimicrobial 
agents (Haagensen et al. 2007).

8.5  Conclusion and Perspectives

In vitro biofilm research under controlled condi-
tions provides attractive insights into how bacte-
ria can form highly complex multicellular 
structures. Dynamic biofilm models reproduce 
more accurately the interactions taking place 
within the microbial community and the arrange-
ment of the biofilm structure. Therefore, they are 
especially relevant to the study of dental diseases 
such as caries and periodontitis. Despite this, 
dental practice should be based on clinical trials 
and/or systematic reviews. Patients and dental 
clinicians should be aware that in vitro models 
are excellent for initial studies, but no clinical 
procedures should be based only on such a lim-
ited level of evidence.

Future studies supported by sophisticated 
approaches and new system technologies will 
enable the use of other dynamic oral biofilm 
models and increase our understanding of the 
microbial lifestyle in multicellular communities. 
Faster and more accurate analyses will provide 
additional information on gene expression and 
global transcription in biofilm cells and may 
straightforward the discovery and development 
of novel antimicrobial drugs.
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Update on B Cell Response 
in Periodontitis
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Abstract

B cells have a central and dual role in the 
physio-pathological mechanisms of periodonti-
tis. They take part in the elimination of the peri-
odontal germs, the induction of tissue 
destructions and the regulation of the immune 
response. B cells play an essential role in the 
destruction of alveolar bone in periodontitis by 
immunomodulation, rather than by production 
of antibodies. In the periodontal cell network, B 
cells are in constant interaction with other 
immune cells and mesenchymal cells. 
Periodontitis is characterized by a cellular con-
version from a dominant T-cell lesion to a dom-
inant B-cell lesion, particularly enriched in 
plasma cells. This evolution results from abnor-
mal interactions between B and T cells in peri-
odontitis. Moreover, B cells are at the crossroads 
of the immune and the bone systems and are 
involved in the autoimmune mechanisms 
described in periodontitis. Different subsets of 
B cells are involved in periodontal destruction, 
in particular memory B cells, plasma cells and 
B1 cells. Effector memory B cells strongly 

express mRANKL in periodontitis and consti-
tute the precursors of plasma cells. B1 cells are 
also involved in tissue destruction but also in 
the mechanisms of regulation, in particular via 
the natural secretion of IL-10 by CD11b+ B1 
cells which form a part of the B10 cells that 
regulate the inflammatory response. As such, 
periodontitis seems to be associated with a defi-
cit in regulation. In peripheral blood, B cells 
can also be systemic markers of infection and 
periodontal inflammation: circulating memory 
B cells are increased in periodontitis while cir-
culating CD11b+ B1 cells are decreased. The 
study of B cells in periodontitis is constantly 
evolving for a better knowledge of the peri-
odontitis setting, the evaluation and the follow-
up of periodontitis, but also for the design of 
new therapeutic targets that may be promising 
in the management of severe periodontitis.
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ILC sinnate lymphoid cells
iTreg inductible regulatory T cells
lncRNAs long non-coding RNAs
MAIT Mucosa-Associated invariant
NK Natural Killer
nTreg natural regulatory T cells
Pg Porphyromonas gingivalis
RANKL receptor activator of nuclear factor 

B-Ligand
Tfh T-follicular helper
Treg regulatory T cells

9.1  Introduction

B cell implications in periodontal diseases have 
been studied since the 1970s. For 40 years, peri-
odontitis has been characterized by a cellular 
conversion: T cells are predominant in gingivitis 
and B cells are predominant in periodontitis 
(Seymour et al. 1979; Page and Schroeder 1976).

B cells have a complex role, both protective 
and destructive (Berglundh et  al. 2007; Zouali 
2017) but essential in the evolution of periodonti-
tis (Hajishengallis and Korostoff 2017; Ebersole 
et  al. 2001). The absence or a deficiency of B 
cells in animal studies may lead to an absence of 
tissue destruction (Baker et al. 2009; Oliver-Bell 
et  al. 2015; Harada et  al. 2006; Klausen et  al. 
1989). In humans, it has been recently shown that 
an anti-CD20 immunotherapy, responsible for a 
partial depletion of B cells, leads to an improve-
ment of the clinical periodontal parameters (Coat 
et al. 2015).

B cells appears to be involved at different lev-
els in the development of periodontal diseases, 
particularly at the bone/immune system inter-
face, where the immune system and bone metab-
olism interact (Dar et al. 2018). Similarly, B cells 
are involved in the autoimmune component of 
periodontitis (Kaur et al. 2017).

B cells could be an important player in the 
bidirectional relationships with some systemic 
diseases, and especially with autoimmune or 
immunoinflammatory components. Therefore, 
the modulation of B cells, and more particularly 
some B cell subsets, could constitute a new thera-
peutic approach to treat some forms of periodon-
titis, especially the most severe, actually resistant 
to conventional treatments or associated with 
systemic diseases.

9.2  B Cells in Periodontitis

B cells are part of the humoral component of the 
adaptive immune system. They are specialized in 
antibody secretion, in the mediation of the 
immuno-inflammatory response by cytokine 
secretions and, in antigen presentation to naïve T 
cells (Youinou 2007). They also have regulatory 
functions through the secretion of IL-10. These 

Patient Summary
B cells have a central and a dual role in 
periodontitis (destructive and protective). 
They are activated in the presence of peri-
odontal germs. Their activation leads to an 
increase of memory B cells, in particular 
implied in periodontal bone loss. This 
increase is visible in the blood of the 
patients with severe periodontitis. In the 
same way, B cells with regulatory func-
tions are decreased in blood. These two 
sub- populations of B cells could be mark-
ers of periodontitis evolution. B cells could 
also represent a promising therapeutic tar-
get to treat severe forms of periodontitis.

Highlights

• B cells play a central role in immune 
cell orchestration and modulation lead-
ing to periodontal destructions

• B cells are a source of secreted osteo-
clastogenic factor of activated T cells 
that can induce osteoclastogenesis

• B cell depletion leads to an improve-
ment of the clinical periodontal 
parameters

Considerations for Practice

• B cells as biomarkers of periodontitis
• B cells as a potential target for new ther-

apeutics in periodontitis
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cells are then called B10 or Breg cells. B cells are 
also involved in the extracellular matrix destruc-
tion (MMPs), the modulation of the bone balance 
(RANKL, RANK, OPG), and even act through 
phagocytosis as osteoclast-like cells (Gao et  al. 
2012; Kawai et al. 2006; Ali et al. 2015; Horowitz 
et  al. 2010; Parra et  al. 2012; Zamboni et  al. 
2012; Pugliese et al. 2012) (Fig. 9.1).

Two main populations can be distinguished 
among B cells in mice, i.e. B1 and B2 cells. 
These two subsets are differentiated at an early 
stage of otongenesis, and present different tissue 
circulation and functions. B1 and B2 contribute 
to innate and adaptive immunity respectively 
(Montecino-Rodriguez and Dorshkind 2012; 
Prieto and Felippe 2017). B2 cells can be subdi-
vided as follows: plasmablasts (the immature 
precursor of plasma cells), memory B cells, mar-
ginal zone (MZ) B cells (located in the marginal 

zone of the spleen), and immature B cells (transi-
tional and pre-naive B cells), and naïve B cells.

9.3  B Cells in Periodontal 
Cellular Network

B cells and plasma cells are part of a periodontal 
cellular network where all cells interact with each 
other (immune and mesenchymal cells). Their 
proportion evolves throughout the progression of 
periodontitis and the degree of tissue destruction 
is correlated with the predominance of plasma 
cells (Carvel and Carr 1982; Younes et al. 2009). 
The composition of the cell infiltrate, inside the 
periodontal cellular network, is dependent on the 
biofilm, notably Porphyromonas gingivalis (Pg), 
but also on the cytokinic environment 
(Johannessen et  al. 1990; Mallison 3rd et  al. 

Fig. 9.1 B cells have a dual role in periodontitis, both 
protective and destructive. Proinflammatory B cells 
secrete sRANKL and induce ostoclastogenesis. They are a 
source of MMPs and pro-inflammatory cytokines promot-
ing Th17 and plasma cell differentiation (IL-6) or macro-
phage activation (IFN-γ and GM-CSF). They participate 
in autoimmune mechanisms by secreting natural immo-
globulins and activate T cells acting as antigen presenting 
cells. Regulatory B cells or B10, characterized by IL-10 

secretion, inhibit Th1 and Th17 and promote regulatory T 
cell differentiation. B cells are not only responsible for 
bacterial clearance but are also important modulators of 
the immune response.
IgG Immunoglobulin G, nIgM natural immunoglobulin 
M, RANK receptor activator of nuclear factor-kappa B, 
sRANKL soluble RANK Ligand, IL- interleukin, MMPs 
matrix metalloproteinase, MIP Macrophage inflammatory 
protein, TNF-α Tumor necrosis factor, DC Dendritic cell
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1991; Gurses et  al. 1996). However, the histo-
logical aspects of the periodontal tissues do not 
permit to distinguish the different types of peri-
odontitis (Johnson et al. 1980).

Inside the periodontal tissues, cells are orga-
nized in specific aggregates (Thorbert-Mros et al. 
2015; Jotwani et  al. 2001; Okada et  al. 1983) 
(Fig. 9.2). A rich region of T cells (T cell zone), 
monocytes/macrophages, and dentritic cells 
(DCs), in contact with T cells, is described just 
subjacent to the pocket or the sulcular epithe-
lium. In the central area of lamina propria, located 
away from the microbial agent, plasma cells are 
organized in aggregates, separated from the T 
cell zone, located under the lamina propria, and 
the B cell zone (rich in B cells not yet differenti-
ated into plasma cells) (Thorbert-Mros et  al. 
2015; Jotwani et  al. 2001; Okada et  al. 1983). 
Plasma cell aggregates also contain some DCs 
which are mainly intraepithelial (Cirrincione 
et al. 2002; Lins et al. 2008). This intraepithelial 
zone is also composed of innate lymphoid cells 
(ILCs) (Natural Killer (NK), and γδ-T cells) and 
Th22 cells (Parisi et al. 2017; Dutzan et al. 2016). 
Unconventional T cells are composed with 
Mucosa-Associated invariant T (MAIT) cells 
defined by their innate-like characteristics and 
broad antimicrobial responsiveness (Sobkowiak 

et al. 2019; Figueredo et al. 2019). These cells are 
in contact with the biofilm, and their reactions 
will participate in the development of the cyto-
kine environment and tissue destruction, notably 
by secreting high amount of IL-17A (Sobkowiak 
et al. 2019).

The T cell zone is composed with activated 
CD4+ T cells (Th), in particular Th1 and Th17 
cells (Dutzan et al. 2016; Stashenko et al. 2007). 
In healthy gingiva, T cells are mainly Th cells, 
followed by CD8+ T cells and a small proportion 
of γδ-T cells. A part of CD4+ T cells are regula-
tory T cells (Tregs) expressing FOXP3 and a 
majority are memory or naïve T cells (Dutzan 
et al. 2016). However, it is important to point out 
that all these studies do not exclude intravascular 
naive cellularity and that naive cells are not nec-
essarily interstitial cells (inside the tissue ground 
substance) but present in the vessels or in the 
blood and extravasated after excision of the 
specimens.

In B cell infiltrates, the majority of B cells in 
healthy gingiva and in gingivitis are memory B 
cells, whereas in periodontitis the majority of B 
cells are differentiated in plasma cells 
(Mahanonda et al. 2016). In addition, a low popu-
lation of naïve B cells is observed within the gin-
giva (Mahanonda et  al. 2016), regardless of its 

Fig. 9.2 The periodontal cell network is organized in 
specific aggregates. A T cell zone (Th1 and Th17) is vis-
ible under the lamina propria in close relation with the 
MAIT and DCs. This zone interacts with an underlying B 
cell zone, probably composed of memory B cells and B1 
cells. At greater depth, different aggregates of plasma 
cells can be distinguished, associated with some DCs, 

macrophages and osteoclasts. Plasma cells can be derived 
from both B1 cells and local memory B cells, but also 
from circulating B1 cells and memory B cells attracted by 
chemokines in inflammatory periodontal tissues. MAIT 
Mucosa-Associated Invariant T, DCs Dendritic cells, Pg: 
Porphyromonas gingivalis, Ig Immunoglobulin
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pathological state. The migration of B cells is 
connected with mesenchyme environment of 
connective tissues. CXCL13-secreting cells, 
responsible for B cell chemotaxis in inflamma-
tory periodontal tissues are increased in the con-
nective tissue underlying the pocket epithelium 
when compared to gingivitis and are correlated 
with B cell numbers. CXCL13-secreting cells are 
distributed in B cell zones and associated or not 
with follicular dendritic cells (FDCs) (Nakajima 
et al. 2008).

Some studies suggest that these intercellular 
interactions between B cells and their mesenchy-
mal environment could be attributed to an attempt 
to form a germinal center (Lins et al. 2008), but 
to date, no reticular network of FDCs, or forma-
tion of a lymphoid structure with an active germi-
nal center, has been identified in gingival biopsies 
(Nakajima et al. 2008). The formation of ectopic 
tertiary lymphoid organs in periodontal tissues 
remains a hypothesis to be explored.

Thus, healthy gums contain memory B cells, 
which could have an immunological sentinel role 
with the ability to differentiate locally into plasma 
cells in periodontitis. It is likely that the B cell 
zones in periodontitis are partly populated by 
these local or resident memory B cells.

In addition, the presence of CD5+ B cells in 
the connective tissue, under the pocket epithe-
lium, has been described since 1992  in severe 
periodontitis (Afar et  al. 1992; Sugawara et  al. 
1992; Aramaki et  al. 1998; Berglundh et  al. 
2002). It is more important inside B cell infiltrate 
in periodontitis (Thorbert-Mros et  al. 2015). 
CD5+ B cells are associated with a loss of colla-
gen structure and a self-reactive function, pro-
ducing anti-collagen antibodies (Sugawara et al. 
1992). Plasma cells infiltrates are associated with 
macrophages, close to osteoclasts, and the num-
ber of fibroblasts decreases with the decrease in 
collagen (Sugawara et al. 1992). The CD5 expres-
sion was correlated with B1 cells in these studies 
and it was thus suggested that autoreactive B 
cells were important in patients with advanced 
periodontitis (Berglundh et al. 2007; Berglundh 
et al. 2002). However, CD5, initially described as 
a B1 marker, is now considered as a marker of 
activity or immaturity (Lee et  al. 2015). 

Mechanisms of autoimmunity are involved in 
periodontal destruction, but the blood character-
istics highlighted for periodontitis, particularly 
severe ones, rather suggest an 
 immunoinflammatory pathology (Demoersman 
et al. 2018; Schmidt et al. 2014).

9.4  Abnormal Interactions 
Between B and T Cells 
in Periodontitis

The T cell/B cell ratio is lower in active lesions 
than in inactive ones, suggesting an abnormal 
regulation of B cells by Th cells (Reinhardt et al. 
1988). When the resolution is not achieved, the 
activation of T and B cells is crucial for the con-
trol of chronic inflammation through constitutive 
cytokine secretion and modulation of osteoclas-
togenesis (Figueredo et  al. 2019). All lympho-
cytes, whatever their origin, have a similar 
kinetics response to periodontal bacteria 
(Donaldson et al. 1984).

When inflammation is not resolved, antigen- 
presenting cells (APCs) are activated by bacterial 
products and interact with naïve Th cells (Th0) in 
secondary lymphoid organs, driving their differ-
entiation into several subsets, such as Th1, Th2, 
Th9, Th17, T-follicular helper (Tfh), and regula-
tory T (Treg) cells (Campbell et  al. 2016). 
Overexpression of the Th17/Treg axis is seen in 
disease initiation (Ebersole et  al. 2014; 
Moutsopoulos et al. 2012; Cardoso et al. 2009), 
notably via the production of IL17-A (Korn et al. 
2009; Dutzan and Abusleme 2019). However, 
Th17 might not be the main source of IL-17A in 
periodontal tissues: MAIT and Treg cells also 
produce IL-17A, suggesting an important role of 
these cells in the pathogenesis of periodontal dis-
ease (Parachuru et  al. 2018; Okui et  al. 2012; 
Sobkowiak et al. 2019). Interestingly, activated B 
cells seem able to product IL-17 (Bermejo et al. 
2013).

A gingival Th17 response is also induced by 
Pg via the secretion of IL-1, IL-6 and IL-23, by 
epithelial cells. Gingipains cleave IL-12 and thus 
direct the differentiation of naïve T cells towards 
the Th17 phenotype. This secretion leads indi-

9 Update on B Cell Response in Periodontitis



180

rectly to the stimulation of bone loss via IL-17, 
without the direct involvement of DCs (Bittner- 
Eddy et al. 2016; Moutsopoulos et al. 2012; Korn 
et  al. 2009; Song et  al. 2017; Theoleyre et  al. 
2004).

Furthermore, Th17 cells drive, unlike Th1 
cells, the differentiation of B cells into plasma 
cells by secreting IL-21 and IL-17 (Mitsdoerffer 
et al. 2010). The interaction of Th17 cells with B 
cells, and notably the secretion of IL-21, like for 
Tfh cells (Mitsdoerffer et al. 2010), is responsible 
for the formation of germinal centers in either 
peripheral lymph nodes or tertiary lymph organs 
that can result in clonal activation of B cells, 
which produce antibodies to recognize bacterial 
components; however, production of autoanti-
bodies to collagen, fibronectin and laminin can 
contribute to local destruction of the gingival tis-
sue. (Jones et al. 2016; Mitsdoerffer et al. 2010; 
Figueredo et al. 2019).

Activated Th1, Th2, and Th17 cells can pro-
duce a variety of pro-inflammatory cytokines, 
such as IL-1, IL-17E (IL-25) and IL-17, that acti-
vate other immune cells such as DCs, neutro-
phils, and B cells. Activation of both T cells and 
subsequently B cells can cause the production of 
the receptor activator of nuclear factor B -Ligand 
(RANKL), leading to alveolar bone resorption by 
osteoclasts, and tooth loss (Campbell et al. 2016; 
Dar et al. 2018).

Natural (nTreg) and inductible (iTreg) cells 
are regulatory T cell subsets characterized by the 
expression of FoxP3 and the secretion of IL-10 
and TGF-β (Gao et al. 2017). nTreg cells inhibit 
the proliferation of effectors T cells and B cells 
through direct cell contact (Xu et al. 2016). They 
thus play a role in the regulation of autoimmu-
nity. However, they cannot inhibit the prolifera-
tion of highly activated effector T cells or the 
production of pro-inflammatory cytokines 
(Peterson 2012). In chronic periodontitis, a high 
proportion of circulating nTreg cells has been 
reported compared to healthy subjects (Sabarish 
et al. 2016).

iTreg cells occurs at the periphery under the 
induction of IL-10 (Tr1, secreting IL-10) and 

TGF-β (Th3 cells) from activated naïve T cells. 
Th3 suppresses B cell responses mainly via the 
TGF-β receptor signaling pathway, without caus-
ing cell apoptosis. Thus Th3 inhibits B cell dif-
ferentiation into plasma cells, antibody 
production and promote B cell orientation 
towards a phenotype of B10 cells, a subset of B 
cells with a regulatory function producing IL-10. 
Moreover, B10 cells can notably promote the 
conversion of naïve T cells into Tr1, and naïve B 
cells can induce directly a specific Treg-of-B cell 
subset (Chien and Chiang 2017). Tr1 cells subse-
quently induce an expansion of B10 cells, which 
themselves allow the recruitment of nTreg cells 
(Zheng et al. 2014). Th3 cells are more particu-
larly located at the mucous membranes and are 
able to control immune responses in link with the 
biofilm.

In periodontitis, the percentage of Treg cells is 
increased and associated with higher proportions 
of B cells relative to T cells (Nakajima et  al. 
2005). Treg cells thus play a regulatory role in 
periodontitis by blocking B cells and the prolif-
eration of Th1, Th17 and Th2 cells, but not the 
production of Th2 cytokines (Faustino et  al. 
2012). Th2 and Treg cells cooperate to suppress 
bone resorption. 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 asso-
ciated with periodontitis (Campbell et al. 2016; 
Figueredo et al. 2019), and favors the differentia-
tion of B cells into plasma cells.

Similarly to T cells, B cells may indeed be a 
source of secreted osteoclastogenic factor of acti-
vated T cells (SOFAT) that can induce osteoclas-
togenesis in a RANKL-independent manner 
(Figueredo et  al. 2019). SOFAT has been 
described increased in periodontal tissues, com-
pared to healthy gingiva (Jarry et  al. 2013). It 
usually secreted by activated T cells, but B cells 
and plasma cells also exhibited strong staining 
for SOFAT in diseased periodontal tissue (Jarry 
et  al. 2016). Therefore, SOFAT might have an 
important role in periodontal disease by activat-
ing RANKL-related osteoclastogenesis.
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9.5  Plasma Cells and B Cells Are 
Predominant in Periodontal 
Lesions

In 1976, Page and Schroeder described the histo-
logical development of the gingiva according to 
the different stages of periodontitis (Page and 
Schroeder 1976). The advanced lesion, the ulti-
mate stage in the progression of periodontal dis-
ease, is then described as a lesion with a large 
infiltration of plasma cells. In 1974, and again in 
1978, Mackler et  al. showed that bacteria LPS 
was able to stimulate B cells in healthy patients 
and in patients with periodontitis. However only 
the interaction between B cells and T cells in 
patients with periodontitis resulted in the termi-
nal differentiation of B cells into plasma cells 
(Mackler et al. 1977, 1978). Plasma cells secrete 
immunoglobulins, pro- and anti-inflammatory 
cytokines, sRANKL and MMP and their pres-
ence has notably been associated with the persis-
tence of Pg (Kim et al. 2010; Mahanonda et al. 
2016). Antibodies reactive to Pg are locally pro-
duced in gingival lesions (Mizutani et al. 2014). 
Viral infections also seem to play a role in the 
evolution of periodontitis, notably via Epstein- 
Barr virus-infected plasma cells (Olivieri et  al. 
2020). Similarly, long non-coding RNAs 
(lncRNAs) could have potential functions in peri-
odontitis lesions, notably by regulating the 
immune reaction. A dysregulation of multiple 
IncRNAs in plasma cells seems associated with 
the development of periodontitis (Wu et al. 2020).

The origin of plasma cells in gingiva remains 
a point to be clarified. Plasma cells could be 
issued from a local activation of resident gingival 
B1 or memory B cells, initially described in the 
healthy gum, or from B cells migrating to the gin-
giva. B1 cells and switched or unswitched mem-
ory B cells can be recruited in peripheral tissues 
and differentiated in plasma cells secreting spe-
cific or natural antibodies (Donati et  al. 2009). 
Their cytokine release could also be different 
depending on their origins. Indeed, the release of 
cytokines linked to the differentiation of B cells 
into plasma cells (IL-4, IL-5 and IL-6) is 
increased in periodontitis (Fujihashi et al. 1993b).

Plasma cell survival is notably dependent on 
BAFF/BMCA/APRIL interactions. APRIL bind-
ing to BCMA and BAFF binding to BAFF-R 
block cell apoptosis (Sakai and Akkoyunlu 2017). 
Recently, APRIL and BAFF have been described 
as increased in periodontitis compared to healthy 
gums, underlining an important activation of B 
cells and a maintenance of plasma cells (Abe 
et al. 2015; Gumus et al. 2014). The secretion of 
APRIL takes place mainly in the epithelium and 
BAFF in the connective tissue and both can be 
induced by bacterial LPS (Abe et al. 2015; Sakai 
and Akkoyunlu 2017). Notably, DCs promote the 
survival of B cells via BAFF and APRIL secre-
tions and their differentiation into plasma cells 
via IL-6 secretion (Na et al. 2016; Craxton et al. 
2003; Jego et  al. 2003; Garcia-Marquez et  al. 
2013). DCs induce an increase in bone loss by 
promoting the survival of B cells and plasma cell- 
expressing RANKL.

9.5.1  B1 Cells in Periodontitis

B1 cells originate from the fetal liver and circu-
late homeostatically between the peripheral tis-
sues and the peritoneum in mice (Griffin et  al. 
2011; Rothstein et al. 2013; Geherin et al. 2016; 
Ansel et  al. 2002). B1 cells would represent 
2–4% of the circulating B cells (Rothstein et al. 
2013). Once in the peripheral tissues, B1 cells are 
responsible, according to their phenotype, for the 
secretion of natural antibodies, notably impli-
cated in autoimmune reactions (Panda and Ding 
2015; Deng et al. 2016). They can also have regu-
latory, phagocytosis and osteoclastic-like func-
tions (Griffin et  al. 2012; Pugliese et  al. 2012). 
The human phenotype (CD20+CD27+CD43+CD7
0−CD69−) of B1 cells has been described (Griffin 
et al. 2011; Rothstein et al. 2013). B1 cells were 
initially distinguished as B1a (CD5+) and B1b 
(CD5−) in mice, but this distinction does not 
apply in humans. CD5 would be a typical marker 
of immature B cells and would distinguish more 
between anergic (CD5+) and active (CD5−) forms 
(Lee et al. 2015; Werner-Favre et al. 1989). CD5 
plays a major role in down regulation of BCR 
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response in the B1a cell subset. It has a pivotal 
role in maintaining anergy in autoreactive B 
cells: anergic B1a cells are CD5+ (Garaud et al. 
2009; Hippen et al. 2000). CD5 expression is not 
a specific characteristic of B1 cells (Pers et  al. 
1999; Lee et al. 2015). The CD5 expression on B 
cells can be for some populations "native" and for 
others "acquired" by activation (Youinou and 
Renaudineau 2007). Long considered as an auto-
immune marker, CD5 on B cells may play a para-
doxical role, both in the prevention and induction 
of autoimmunity (Youinou and Renaudineau 
2007).

The expression of CD11b, a factor that inter-
acts with ICAM-1 on the surface of endothelial 
cells and within the extracellular matrix, confers 
migratory capacities to B1 cells (Kawai et  al. 
2005; Geherin et  al. 2016) and distinguishes 
between the orchestrator B1 cells (CD11b+) and 
the natural antibody secretory B1 cells (CD11b−) 
(Fig. 9.3). The orchestrator CD11b+ B1 cells play 

a role in regulating T cells via a spontaneous 
secretion of IL-10 (Griffin and Rothstein 2012).

B1 cells have a particular sensitivity to TLR 
signals, and express different TLRs than other B 
cell subsets (Popi et al. 2016; Popi 2015; Sindhava 
and Bondada 2012). In contrast to other B cells, 
activation by TLRs signals can activate B1 cells 
which will be able to get out of their state of 
anergy and will proliferate and differentiate into 
natural antibody-secreting mature plasma cells, 
on a T cell-independent manner. B1 cells thus 
control the bacterial load while awaiting the 
adaptive response (Genestier et  al. 2007). 
Consequently, T cell activation or high doses of 
TLR ligands can overcome the anergic state of 
B1 cells and allow their activation during infec-
tion (Sindhava and Bondada 2012). Activated 
CD11b−CD5+ B1 cells are less sensitive to IgM- 
induced apoptosis, and this mechanism may 
facilitate their proliferation, while inducing apop-
tosis in non-activated CD11b−CD5− B1 cells 

Fig. 9.3 RANKL is expressed by B cells and T cells. 
RANK-RANKL-OPG triade modulates osteocalastogen-
esis, angiogenesis and periodontal pocket formation after 
interaction with endothelial cells, epithelial cells and 
osteoclastic precursor cells. RANKL inhibits neoangio-
genesis by inhibiting OPG, which in turn inhibits TRAIL, 
an inducer of endothelial cell apoptosis. Under inflamma-
tory conditions the production of OPG by endothelial 
cells is increased. Interactions between B cells acting as 
Lymphoid tissue inductors (LTi), in inflamed tissues, and 
stromal cells, acting as Lymphoid Tissue organizers (LTo), 
result in the formation of a lymphoid tissue. RANKL acts 
as an amplifier of the interactions between these cell pop-
ulations and promotes the growth of primary lymphoid 
tissues. It may have a similar role in the establishment of 
tertiary lymphoid organs. The interaction between B cells, 

through the release of LTαβ and resident stromal cells 
leads to the production of homeostatic chemokines 
(CXCL13, CXCL12, CCL21 and CCL19) which could 
allow cell recruitment and formation of a tertiary lym-
phoid organ. The action of RANKL on RANK on the sur-
face of the LTi induces the production of LTαβ which will 
stimulate the productions of LTo, including 
RANKL. MAIT and other immune cells may also have a 
role of LTi in inducing the formation of tertiary lymphoid 
organs by the expression of various proinflammatory 
cytokines (IL-17, IL-22, IL-23) and LTαβ. TNF Tumor 
Necrosis Factor, LTαβ Lymphotoxin αβ, CXCL chemo-
kine (C-X-C motif) ligand, CCL chemokine ligands, 
MAIT Mucosa-Associated invariant T, OPG osteopote-
gerin, TRAIL tumor necrosis factor (TNF)-related 
apoptosis- inducing ligand, EC endothelial cells
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(Pers et al. 2002). Its systemic diffusion could be 
at the origin of a decrease in CD11b+ B1 cells in 
peripheral blood by blocking their renewal at the 
level of the peritoneum or in secondary lymphoid 
organs. The IL-10/IL-6 ratio influences the phe-
notype of local and circulating B1 cells and the 
balance between their regulatory and protective 
properties and their destructive capacities.

The expression of CD5 by the different sub-
sets of B1 would be variable and also dependent 
on the cytokine environment, in particular IL-10 
and IL-6 (Garaud et  al. 2009; Youinou and 
Renaudineau 2007) (Fig.  9.4). IL-6 could be a 
regulator of CD5 expression and B1 migration. 
This proinflammatory cytokine is highly 
expressed in periodontal inflammatory tissues 
and has antagonistic effects on IL-10. It is respon-
sible for a decrease in membranous CD5 and the 
differentiation of B cells into plasma cells 
(Fujihashi et  al. 1993a; Garaud et  al. 2009; 
Hunter and Jones 2015; Seymour and Gemmell 
2001).

Since Griffin et  al. (Griffin et  al. 2011; 
Rothstein et  al. 2013), there is no study on the 

involvement of B1 cells in periodontal tissues, 
except for their role as B10 cells.

9.6  Regulatory B Cells (Breg/
B10) in Periodontitis

B10 cells are a heterogeneous subpopulation of B 
cells with a high potential to modulate the 
immune response against infectious or tumor 
agents (Goode et  al. 2013; Rosser and Mauri 
2015; Lykken et al. 2015; Rincon-Arevalo et al. 
2016; Tedder 2015; Mauri and Menon 2017). 
They are characterized by their ability to secrete 
IL-10 and are involved in autoimmune diseases 
(Goode et al. 2013; Vadasz et al. 2013). Their role 
in the regulation of the periodontal immune 
response, and in the reduction of bone loss in 
periodontitis has been shown recently (Yu et al. 
2017; Wang et al. 2017; Dai et al. 2017; Hu et al. 
2017; Hetta et al. 2020; Gu and Han 2020; Shi 
et  al. 2020). The level of IL-10 is significantly 
higher in inflammatory gingival tissue than in 
healthy tissue and the proportion of IL-10 pro-

Fig. 9.4 Two sub-populations of B1 cells in humans. 
B1 CD11b− cells are natural antibody secretors (B1 secre-
tors) and B1 CD11b+ cells are natural IL-10 secretors 
(orchestrators). CD11b+ B1 cells have a high migration 

capacity and both populations can express or not CD5. 
Orchestrators are mainly CD5− and secretors CD5+. IL: 
interleukin

9 Update on B Cell Response in Periodontitis



184

ducing B cells represents a small proportion of 
the gingival B cell population (Dai et al. 2017). 
B10 cells are increased in periodontitis, but their 
number is probably insufficient to inhibit the pro-
duction of proinflammatory cytokines.

The secretion of IL-10 by B10 cells in peri-
odontitis can be induced by the TLR pathway 
(TLR2/4 and 9), in the presence of LPS from Pg 
(Wang et  al. 2017). This secretion can also be 
induced by Th cells (Yu et al. 2017), and by the 
cytokine environment (IL-21, Tim1) (Hu et  al. 
2017; Su et al.). Th cells and their secretions are 
responsible for an increase in IL-10 secretion, 
and a decrease in RANKL/OPG ratio, TNF-α, 
IL-1 and IL-17 secretions. IL-10 therefore 
induces a decrease in the local proliferation of 
Th17 cells and a decrease in bone loss (Wang 
et al. 2017; Yu et al. 2017; Hu et al. 2017; Su et al. 
2008; Shi et al. 2020). This immunomodulatory 
effect of B10 cells during periodontitis is inde-
pendent of antibody production (Shi et al. 2020). 
TLR signaling induces both pro-inflammatory 
and anti-inflammatory pathways in activated B 
cells and it is thus conceivable that promoting the 
optimal B10 function requires selective activa-
tion of TLR signaling and availability of co- 
stimulatory molecules (Gu and Han 2020).

9.7  B Cells and Bone Resorption

B cells are central players in the concept of osteo-
immunology defining the cross interactions 
between bone metabolism and immune system 
(Fig. 9.5) (Choi et al. 2001; Arron and Choi 2000; 
Kumar and Roger 2019; AlQranei and Chellaiah 
2020). The triad RANK-RANKL-OPG is com-
mon to both pathways (Dougall et al. 1999; Kong 
et al. 1999), and B cells, plasma cells and T cells 
are described as the main sources of sRANKL in 
periodontal tissues (Kawai et  al. 2006; 
Mahanonda et  al. 2016). B cells produce even 
more RANKL than T cells and other lympho-
cytes during periodontal diseases and memory B 
cells are the most prone to secrete RANKL 
(AlQranei and Chellaiah 2020; Han et al. 2019). 
Membrane expression is low on plasma cells 
while RANKL's intracytoplasmic expression is 

high (Mahanonda et  al. 2016). RANKL is also 
implicated in periodontal pocket formation and 
angiogenesis in periodontitis (Sojod et al. 2017; 
Emery et al. 1998; Pritzker et al. 2004).

A circulating RANKL+ memory B cell has 
been described in rheumatoid arthritis as a source 
of RANKL (Ota et  al. 2016) and RANKL are 
expressed at the membrane (mRANKL) of acti-
vated B cells in severe periodontitis (Demoersman 
et al. 2018). mRANKL is expressed in switched 
memory B cells activated via the BCR and CD40. 
Homing signals, such as CXCR3 and CXCL10, 
allow the migration of mRANKL+ switched 
memory B cells to inflammatory tissues where 
mRANKL is cleaved by TACE (TNF-α convert-
ing enzyme) and released in the tissues as a solu-
ble form (sRANKL). In periodontitis, a similar 
mechanism was highlighted: adoptive transfer of 
pathogen-sensitized memory B cells in rats with 
periodontitis increased the extent of alveolar 
bone resorption compared to control rats with 
periodontitis (Kanzaki et  al. 2016; Kawai et  al. 
2006). In the same way, memory B cell cultures 
from annimals with periodontitis, promote in a 
RANKL-dependent manner the differentiation 
into osteoclasts whereas the other subsets of B 
cells do not (Han et al. 2019).

B cells are inducers of osteoclatogenesis when 
activated, but they may also have a physiological 
role in bone balance. They are also secretors of 
OPG (Titanji et  al. 2014; Perlot and Penninger 
2012; Okamoto et  al. 2017; Weitzmann 2017) 
and their expansion and their expression of 
RANKL, especially by B1 cells, is stimulated by 
signals, such as IL-33, produced as the result of 
mechanical, traumatic or infectious gingival 
stimulations (Malcolm et al. 2015; Laperine et al. 
2016; Tada et al. 2016).

The RANKL-RANK-OPG triad is therefore 
not only an important factor in bone metabolism, 
but also in the organization of the immune 
response. It is involved in the formation of lym-
phoid organs, in particular in communications 
between immune cells and mesenchymal cells 
(Hess et al. 2012; Mueller and Hess 2012). These 
mechanisms are reproduced in the formation of 
tertiary lymphoid organs with an essential role 
for B cells as lymphoid tissue organizers cells.
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9.8  Circulating B Cells 
and Periodontitis

Memory B cells subsets (unswitched, switched, 
and IgD/CD27 double negative) have probably 
different implications in periodontitis (Fig. 9.6). 
Unswitched memory B cells have not met anti-
gen but could have a role against encapsulated 
bacteria such as Pg (Weller and Descatoire 2015; 
Weller et  al. 2004). Switched forms have met 
antigen in germinal centers and are therefore spe-
cific to antigen whereas IgD/CD27 double nega-
tive forms are the result of multiple circulations 
of memory B cells between germinal centers and 
inflammatory tissues. The increase in switched 
forms may be a marker of an increase in the affin-
ity of the immune response against the antigen 
(Claes et al. 2016; Wu et al. 2011; Moura et al. 
2017) and interestingly, the increase in switched 
memory B cells has been highlighted in severe 
periodontitis (Demoersman et al. 2018). All sub-
sets of memory B cells were previously shown as 
increased in the chronic forms of periodontitis 
(Schmidt et al. 2014). This increase of memory B 

cells could be a sign of displacement of lympho-
poiesis in the secondary lymphoid organs 
observed in chronic inflammatory conditions 
(Jones et  al. 2016; Cain et  al. 2009). However, 
this mechanism would be disrupted in the aggres-
sive forms because of the local progression of the 
disease that would be limited by the systemic 
response in the chronic forms, which are non- 
existent in the aggressive forms.

Similarly, a decrease in circulating CD11b+ 
B1 cells has been shown in severe periodontitis 
(Demoersman et al. 2018). They could be associ-
ated with an acquired or constitutive decrease of 
local regulation. In inflammatory conditions, B1 
cells seem to have a stronger propensity to enter 
in inflammatory tissues than memory B cells, fol-
lowing specific homing signals (Geherin et  al. 
2016). This decrease could be a biomarker of 
severe periodontitis, or of periodontal risk 
(Griffin et al. 2011; Rothstein et al. 2013; Geherin 
et al. 2016; Ansel et al. 2002).

RANKL expression concerns all the circulat-
ing B cells, and seems to be more important on 
the activated forms (Demoersman et al. 2018).

Fig. 9.5 IL-6 and IL-10 are both increased in peri-
odontitis and have antagonistic roles. The ratio IL-10/
IL-6 could explain the local phenotypic orientations of the 
different B1 cells, but also at the systemic level. A diffu-
sion of IL-6 from the periodontal tissues to the other 
mucosa-associated lymphoid tissue (MALT) could 

explain the decrease of B1 CD11b+ cells, observed in 
severe periodontitis. IL-6 and IL-10 regulate the expres-
sion of CD5 and the maintenance of B1 cells in state of 
anergy within tissues. B1 cells migrate to inflamed tissues 
due to by SIPS signal and chemokines. IL interleukin, Ig 
Immunoglobulin, S1P sphingosine 1 phosphate
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9.9  Discussion

B cells have a central role in the establishment of 
periodontitis. In healthy gums or gums present-
ing a subclinical inflammation. B1 and memory 
B cells could form a resident population directly 
activated locally in order to maintain homeosta-
sis. The activation of B cells is carried out in the 
presence of bacterial antigens and according to 
the cytokine environment induced by an infection 
or mechanical stimulus. They could also have a 
role in bone adaptation under physiological 
conditions.

Their activation leads to the organization of 
the local immune response, notably by the secre-
tion of RANKL, and cytokines. The migration of 

APC in the lymph nodes leads to the activation of 
memory B cells specific to periodontal antigens 
that will later migrate in the periodontal tissues. 
Memory B cells will participate, organize and 
regulate the local immune response, via the pro-
duction of RANKL, cytokines and antibodies. 
Circulating B1 cells will also have this dual role, 
independently of the antigenic specificities. They 
will participate, organize and regulate the local 
immune response, via the production of RANKL, 
cytokines and antibodies.

Dysregulation of these mechanisms could be 
responsible for the development of a severe and 
rapidly progressive disease. The insufficiency 
of a systemic response to periodontitis leads to 
a lack of specificity of the immune response, a 

Fig. 9.6 Memory B cells have a preponderant role in 
periodontitis. Memory B cells are the main source of 
RANKL and can be activated locally and in the lymph 
nodes. Antigen presenting cells (APCs) interacts with T 
cells which activate naïve B cells against a periodontal Ag. 
A germinal center is formed and will lead to the produc-
tion of switched (SW) Memory B cells with a high affinity 
towards the antigen. SW memory B cells migrate follow-
ing homing signals in periodontal tissues where some of 
them differentiate into plasma cells. They present a 
RANKL+ phenotype in blood and periodontal tissues. A 
cleavage of mRANKL by TACE leads to the release of 
sRANKL in the periodontal tissues. Multiple recirculation 
of SW memory B cells between periodontal tissues and 

secondary lymphoid organs allows to improve the affinity 
of the memory populations towards Ags. This mechanism 
is at the origin of IgD−CD27− double negative (DN) mem-
ory populations. The unswitched (USw) memory popula-
tions has not met the Ag and also circulate between the 
secondary lymphoid organs and the periodontal tissues. 
As in chronic inflammatory situations, extra medullary 
lymphopoiesis could be observed in the lymph nodes.
The memory B cells residing in the gum could be locally 
activated in periodontitis. The local increase of their affin-
ity and the formation of DN memory B cells could be the 
sign of the presence of transitory ectopic germinal center 
within the periodontal tissues. TACE TNF alpha convert-
ing enzyme, Ig Immunoglobulin, Ag Antigen
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defect of local regulation and to the rapid and 
extensive development of severe periodontal 
lesions. These lesions could be characterized 
by important local autoimmune mechanisms 
and the establishment of tertiary lymphoid 
organs. Further studies are required to deter-
mine the genetic or epigenetic characteristics 
and factors involved in this dysfunctional sys-
temic response.

In slow-progressive forms, periodontal infec-
tion would be responsible for a displacement of 
lymphopoiesis towards structures in periphery 
and the increase of switched memory B cells, 
potentially expressing RANKL, organizing and 
regulating the local immune response, while 
directly participating in tissue destruction. The 
mechanisms observed in periodontitis would thus 
be similar to those observed in certain rheumatic 
pathologies.

B cell subsets could be blood biomarkers of 
the type of periodontal damage and of the type of 
systemic response. In addition to allowing the 
follow-up of the evolution of periodontitis, B cell 
distribution would inform on the progression of 
the periodontal lesions.

From these observations, different therapeutic 
strategies could be proposed to treat periodonti-
tis, in order to rebalance the immune T cell/B cell 
ratio, by targeting the B cells. In addition, treat-
ments leading to a depletion of mature B cells, 
participating in tissue destruction, such as anti-
 CD20 antibodies, would make it possible to 
reduce the populations of B cells favoring tissue 
destruction, while maintaining the immature 
forms that are the source of B10. Therefore, 
interventional strategies targeting TLR signaling 
and immune regulatory T/B cells may be a prom-
ising approach to rebalance the immune response 
and alleviate bone loss in periodontal disease (Gu 
and Han 2020).

These therapeutic strategies must be studied 
because periodontitis is a local and systemic 
 disease, involved with other systemic diseases 
and responsible for a significant loss of quality of 
life for the patients.
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Polarization Profiles of T 
Lymphocytes and Macrophages 
Responses in Periodontitis
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Abstract

Periodontitis is a multifactorial, chronic 
inflammatory disease affecting the supporting 
structures of teeth triggered by the complex 
interactions between a dysbiotic bacterial bio-
film and the host’s immune response that 
results in the characteristic loss of periodontal 
attachment and alveolar bone. The differential 
phenotypic presentations of periodontitis 
emerge from inter-individual differences in 
immune response regulatory mechanisms. 
The monocyte-macrophage system has a cru-
cial role in innate immunity and the initiation 
of the T and B lymphocyte adaptive immune 
responses. Macrophages involve a heteroge-
neous cell population that shows wide plastic-
ity and differentiation dynamics. In response 
to the inflammatory milieu, they can skew at 
the time of TLR ligation to predominant M1 – 
pro-inflammatory- or M2 –anti- inflammatory/
healing- functional phenotypes. The perpetua-
tion of inflammation by M1 macrophages 

leads to the recruitment of the adaptive 
immune response, promoting Th1, Th17, and 
Th22 differentiation, which are directly asso-
ciated with periodontal breakdown. In con-
trast, M2 macrophages induce Th2 and Treg 
responses which are associated with periodon-
tal homeostasis. In this article, we review the 
recent advances comprising the role of macro-
phages and lymphocyte polarization profiles 
and their reprogramming as potential thera-
peutic strategies. For this purpose, we 
reviewed the available literature targeting 
periodontitis, macrophage, and lymphocyte 
subpopulations with an emphasis in the later 
5 years. The active reprogramming of macro-
phages and lymphocytes polarization cross-
talk opens a promising area for therapeutic 
development.

Keywords

Periodontitis · Immunity · Inflammation · 
Macrophages · Lymphocytes · Polarization

Abbreviations

A. actinomycetemcomitans  Aggregatibacter 
actinomycetem-
comitans

ADP   Adenosine 
diphosphate

F. Cavalla 
Conservative Dentistry Department, Faculty of 
Dentistry, University of Chile, Santiago, Chile
e-mail: icavalla@odontologia.uchile.cl 

M. Hernández (*) 
Laboratory of Periodontal Biology and Department of 
Oral Pathology and Medicine, Faculty of Dentistry, 
University of Chile, Santiago, Chile
e-mail: mhernandezrios@odontologia.uchile.cl

10

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-96881-6_10&domain=pdf
https://doi.org/10.1007/978-3-030-96881-6_10#DOI
https://orcid.org/0000-0002-6896-5744
https://orcid.org/0000-0001-8289-7314
mailto:icavalla@odontologia.uchile.cl
mailto:mhernandezrios@odontologia.uchile.cl


196

AhR Aryl hydrocarbon receptor
Akt  Protein kinase B
AMP  Adenosine monophosphate
APC  Antigen-presenting cells
ARG-1 Arginase 1
ATP  Adenosine triphosphate
C5a Complement component 5a
C5aR Complement component 5a 

receptor
CCL CC chemokine ligand
CCR CC chemokine receptor
CD Cluster of differentiation
CTLA-4 Cytotoxic T-lymphocyte- 

associated protein 4
DAMPs  Endogenous danger-associated 

molecular patterns
DNA Deoxyribonucleic acid
Foxp3 Forkhead box P3
GITR Glucocorticoid-induced tumour 

necrosis factor receptor family 
related protein

HLA-DR  Human Leukocyte Antigen – DR 
isotype

IFN-γ  Interferon-gamma
IL Interleukin
IL-1RA Interleukin −1 receptor 

antagonist
iNOS Inducible nitric oxide synthase
IRF Interferon regulatory factor
iTregs  Induced Tregs
JMJD3 Jumonji domain-containing pro-

tein D3
JNK c-Jun N-terminal Kinase
LPS Lipopolysaccharide
M-CSF  Macrophage colony stimulating 

factor
MHC Major Histocompatibility 

Complex
MMPs Matrix metalloproteinases
MSCs  Mesenchymal stem cells
NF-κB Nuclear factor kappa-light- 

chain-enhancer of activated B 
cells

NK Natural killer
NKT Natural killer T cells
nTregs  Natural Tregs
OPG Osteoprotegerin
P. gingivalis  Porphyromonas gingivalis

PAMPs  Pathogen-associated molecular 
patterns

PDL Programmed Death-ligand
PPARγ Peroxisome proliferator- 

activated receptors
PRRs Pattern recognition receptors 

particularly
RANKL Receptor activator of NF-kappa 

B ligand
RORγT Retinoic acid-related orphan 

receptor gamma t
STAT1  Signal transducer and activator 

of transcription 1
T2DM  Type 2 diabetes mellitus
T-bet T-box expressed in T cells
TCR T cell receptor
TET  Ten-eleven translocation
TGF-β  Transforming growth factor
Th T helper
TLR Toll-like receptors
TM  Memory T cell subsets
TNF-α Tumor necrosis factor-alpha
TRAILDR5  Tumor necrosis factor related 

apoptosis-inducing ligand-death 
receptor 5

Tregs Regulatory T-cells
VEGF  Vascular endothelial growth factor

Highlights

• A dysregulated immune response is the 
ultimate determinant of periodontal tis-
sue destruction and alveolar bone 
resorption.

• Active periodontal lesions associate 
with the predominance of M1 macro-
phages and Th1/Th17 lymphocytes over 
M2 macrophages and Th2/Treg lym-
phocyte subpopulations.

• Th22 and activated T memory lympho-
cytes can further exert pro-inflammatory 
and bone resorptive effects.

• Intervention strategies aiming at an 
active reprogramming of macrophage 
and/or lymphocyte subpopulations rep-
resent a promising therapeutic approach

F. Cavalla and M. Hernández



197

10.1  Introduction

Periodontitis is a multifactorial, chronic inflam-
matory disease that affects the supporting struc-
tures of teeth, − gingiva, alveolar bone, 
periodontal ligament, and cementum- that can 
lead to tooth loss and systemic inflammation. The 
disease results from the complex interactions 
between a dysbiotic bacterial biofilm and the dis-

rupted host’s immune response with the loss of 
periodontal homeostasis (Almubarak et al. 2020; 
Garaicoa-Pazmino et al. 2019).

Periodontitis is triggered by an infectious 
challenge to periodontal tissues. Extensive evi-
dence demonstrates that the presence of bacteria 
is the necessary stimulus for disease initiation 
(Hajishengallis 2015), though the pathological 
changes that occur in the periodontal tissues are 
almost entirely caused by the immune and inflam-
matory mechanisms of infection control (Cavalla 
et  al. 2021). These immune mechanisms are in 
turn modulated by a plethora of host and environ-
mental factors that create a complex interplay 
between defense mechanisms, tissue homeosta-
sis, and infecting microorganisms. Accordingly, 
periodontitis is a chronic non-communicable dis-
ease, associated with a dysbiotic microbiota, but 
ultimately caused by the host’s immune- 
inflammatory response (Jepsen et al. 2020).

The immune response, independently of its 
nature, degree, extension, and regulation will 
always be incapable to eradicate the infecting 
periodontal microorganisms located in the sub- 
gingival periodontal biofilm, as they are inacces-
sible to the microbicide effector mechanisms of 
immunity. The differential phenotypic presenta-
tions of the diseases are not a result of a differen-
tial efficiency of immunity in terms of infection 
eradication, but they emerge from inter- individual 
differences in immune response regulatory mech-
anisms (Nibali et al. 2019; Cavalla et al. 2018). In 
this context, the understanding of the polarization 
and balance of macrophages, different T cell sub-
types, and their interactions during the immune 
cell response is essential to explain the fate of 
periodontitis.

In this article, we review the recent advances 
comprising the role of macrophages and lympho-
cyte polarization profiles and their crosstalk in 
periodontitis pathogenesis. For this purpose, we 
reviewed the available literature targeting peri-
odontitis, macrophage, and lymphocyte subpop-
ulations with an emphasis in the later 5 years.

Considerations for Practice

• An intimate understanding of the cellu-
lar processes underlying the clinical 
evolution of periodontitis is essential to 
guide therapeutic interventions.

• The development of molecular biology, 
material science, and nanotechnology 
promise the arrival of novel interven-
tions for periodontitis in the future

Patient Summary

Periodontitis is the inflammatory destruc-
tion of tooth-supporting tissues, leading to 
loosening tooth. It initiates as a response to 
bacterial plaque, but its evolution is the 
result of the deregulation of the host’s 
immune system, which is influenced by 
genes and the environment. In this sense, 
periodontitis shares similar disease mecha-
nisms with other non-communicable dis-
eases, such as diabetes and cardiovascular 
disease. Periodontitis requires long-term 
therapeutic management by a competent 
professional. This review discusses the 
detailed  immune mechanisms that cause 
the disease and serves as an update for the 
interested clinician to assess cutting-edge 
evidence in the field.
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10.2  Macrophage Polarization 
Profiles in Periodontitis

The monocyte-macrophage system has a central 
role in innate immunity and the initiation of the 
adaptive immune response. Macrophages, as res-
ident cells or monocyte-derived cells recruited 
upon inflammation, can effectively recognize 
microbes using a repertoire of pattern recognition 
receptors (PRRs), which include Toll-like recep-
tors (TLRs) that recognize distinct classes of 
pathogen-associated molecular patterns (PAMPs) 
from microbes or endogenous danger-associated 
molecular patterns (DAMPs) released from 
necrotic or dying host cells, leading to macro-
phage activation, phagocytosis, antigen presenta-
tion, activation of adaptive immunity, and release 
of inflammatory mediators (Holden et al. 2014; 
Sima and Glogauer 2013).

Macrophages involve a heterogeneous cell 
population that shows wide plasticity and differen-
tiation dynamics (Sima and Glogauer 2013). 
Macrophages will polarize to predominant M1 or 
M2 functional phenotypes at the time of TLR liga-
tion in response to the cytokine milieu. M1 macro-
phages play an important role in fighting 
intracellular pathogens and differentiate as a result 
from the classical activation pathway triggered 
mainly by IFN-γ; as result, they release pro-
inflammatory cytokines, such as TNF-α, IL-1β, 
IL-6, IL-12, and IL-23, as well as display increased 
antigen presentation capabilities (Derlindati et al. 
2015). On the other hand, as a result of the expo-
sure to IL-4/IL-13 (M2a), immune complexes 
(M2b) or IL-10 (M2c), M2 macrophages are 
involved in immune regulation and tissue repair by 
secreting the anti- inflammatory cytokines, and IL-
10, IL-1RA, and transforming growth factor 
(TGF)-β; instead they are not efficient in antigen 
presentation and microbial killing (Ortiz et  al. 
2015), though in the presence of pathogens they 
can rapidly switch to the functional M1 pheno-
type. Macrophage functional phenotypes are not 
only based on their differential cytokine produc-
tion, but also their chemokine production, NO 
metabolism, phagocytosis, and transcriptional 
profiles (Derlindati et  al. 2015). Because in vivo 
M1 and M2  macrophage profiles represent the 

extremes of a continuum of intermediate cells, 
human studies have been troubled by the availabil-
ity of valid phenotypic markers (Ambarus et  al. 
2012; Barros et  al. 2013; Ortiz et  al. 2015). To 
date, flow cytometry and immunofluorescence/
immunohistochemistry are the most common 
methodologies for immune cell subtyping in tis-
sues (Li et  al. 2020b), but the former has the 
advantage to permit the analysis of multiple mark-
ers on a single cell.

Macrophages are tissue-resident professional 
phagocytes and antigen-presenting cells (APC), 
which differentiate from circulating peripheral 
blood monocytes. Human monocytes are classi-
fied as classical, non-classical, or intermediate 
monocytes similar to macrophages. Whist classi-
cal monocytes can differentiate to macrophages 
at the sites of injury, non-classical monocytes 
play a role in vasculature surveillance. They can 
also accumulate at sites of chronic bacterial 
infection and produce predominantly anti- 
inflammatory cytokines. A third set corresponds 
to intermediate monocytes, which are central 
players of inflammation and are also referred to 
as hyperinflammatory monocytes. (Almubarak 
et al. 2020).

The perpetuation of inflammation by macro-
phages leads to the recruitment of the adaptive 
immune response. M1 macrophages promote T 
helper 1 and T helper 17 responses, known to be 
tightly associated with periodontal tissue destruc-
tion, through the secretion of IL-12 and IL-23, 
respectively (Hernandez et  al. 2011; Alvarez 
et al. 2019); M2 macrophages, on the other hand, 
interact with Th2 and Treg cell responses, via 
IL-4 and transforming growth factor-beta (TGF- 
β), respectively, which are regarded to be peri-
odontally protective responses. Accordingly, the 
temporal imbalances in macrophage functional 
phenotypes may lead to pathologic changes 
(Derlindati et al. 2015; Sima and Glogauer 2013).

Clinical human studies identifying macro-
phage subpopulations based on more than one 
surface marker combined with a pan-macrophage 
marker are limited. A recent study reported larger 
populations of intermediate (CD14+ CD16+) and 
non-classical (CD14− CD16+) monocytes in peri-
odontitis individuals compared to healthy ones, 
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showing higher HLA-DR and PDL-1 expression, 
suggestive of pro-inflammatory profile and acti-
vation status, especially in the former, which are 
the most pro-inflammatory subtype of mono-
cytes. Also, M1 macrophages (CD80+ MHCII+) 
were higher and M2 macrophages (CD206+ 
CD163+) were lower in periodontitis-affected 
gingival tissues compared to healthy controls, 
supporting a disruption in macrophage homeo-
stasis towards a pro-inflammatory phenotype. 
M1 macrophages in periodontitis individuals also 
overexpressed PDL-1, which delivers inhibitory 
signals that regulate the balance among T-cell 
activation and tolerance, and CD47, a glycopro-
tein of the immunoglobulin family that plays a 
critical role in self-recognition and impairment of 
phagocytosis (Almubarak et al. 2020). Also, high 
numbers of M2 macrophages have been reported 
in healthy tissues compared to periodontitis (Li 
et  al. 2020a). Similar results, as well as higher 
intermediate monocyte subpopulations express-
ing high levels of PDL-1, were identified in peri-
odontitis versus healthy sites in individuals with 
type 2 diabetes mellitus (T2DM). Also, elevated 
levels of the pro-inflammatory transcription fac-
tors, STAT1 and IRF1, and repressed of the anti- 
inflammatory  factor JMJD3 were identified in 
circulating lymphocytes (Almubarak et al. 2020). 
Thus, macrophage-mediated regulation of 
chronic inflammation and especially M1 polar-
ization might play a role in the pathogenesis of 
periodontitis, diabetic complications, and may 
explain the higher susceptibility of these individ-
uals to periodontitis.

In line with the previous findings, a study in 
periapical periodontitis, which shares similar 
pathogenic mechanisms with periodontitis that 
lead to the destruction of the peri-radicular peri-
odontal tissues, reported a higher macrophage 
M1/M2 ratio (CD14+ CD64+ CD80+ / CD14+ 
CD163+ CD206+) in symptomatic apical  lesions 
compared to asymptomatic apical  lesions and 
healthy periodontal ligament controls, along with 
significantly higher M1 cytokines, such as IL-6 
and IL-23. Interestingly, CD163 protein was 
expressed with lower intensity in the symptomatic 
lesions. In tissue macrophages, CD163  transduces 
signals that lead to immunomodulation through 

IL-10 and IL-1RA and the inhibition of pro-
inflammatory cytokines (Alvarado-Vazquez et al. 
2017). The latter suggests that macrophages 
might reprogram themselves from the M2 pheno-
type towards M1 and trigger clinical symptoms 
and periodontal destruction (Veloso et al. 2020). It 
is proposed that periodontal homeostasis might be 
associated with tissue remodeling by adult tissue-
resident macrophages, whilst periodontitis might 
be associated with tissue infiltration by monocyte-
derived cells that would primarily assist in host 
defense (Epelman et  al. 2014). Higher total and 
polarized (iNOS+/M1 and CD206+/M2) macro-
phages counts were reported in gingivitis, com-
pared to periodontitis and healthy tissue samples 
(Garaicoa-Pazmino et al. 2019). Accordingly, the 
periodontally destructive phenotype might be 
determined predominantly by an M1/M2 macro-
phages imbalance rather than the quantity of total 
or polarized macrophages.

In vitro studies in monocytic human cell lines 
(THP-1) demonstrated that oral commensal bac-
teria primarily elicit an M2 phenotype, while 
the challenge of macrophages that have been 
driven towards an M1 phenotype with INF-γ 
and lipopolysaccharide (LPS) with commensal 
bacteria appears to provide some modulation of 
the inflammatory nature of the M1 cells. On the 
contrary, keystone periodontal pathogens P. gin-
givalis and especially A. actinomycetemcomi-
tans, induced polarization predominantly 
towards an M1 phenotype. The induction of M1 
cells, particularly through ligation of TLRs, 
triggers signaling cascades through the inflam-
matory master switch transcription factor 
NF-κB (Huang et  al. 2016). A relevant role of 
ten-eleven translocation (TET)-1 proteins, 
which demethylates DNA, has been proposed in 
P. gingivalis LPS/IFN-γ- induced M1 macro-
phage polarization through the NF-κB pathway 
in THP-1 monocytic cells (Huang et al. 2019). 
Functionally, naïve, M1 and M2 murine macro-
phages (RAW 264.7 cell line) have shown dif-
ferent abilities to phagocyte and clear P. 
gingivalis. Among them, only M1 macrophages 
were able to produce a respiratory burst and kill 
the bacteria from the phagosome after 24 hours 
and induced high levels of TNF-α, IL-12, and 

10 Polarization Profiles of T Lymphocytes and Macrophages Responses in Periodontitis



200

iNOS. Also, gingipain extracts plus P. gingiva-
lis-LPS-treated RAW264.7  in macrophages 
enhanced the expression of IL-12 and IL-23, 
while gingipain alone increased IL-12, IL-23, 
iNOS, TNF-α, IL-1β, and IL-6, but not IL- 10; 
though only P. gingivalis-LPS increased CD86+ 
M1 over CD206+ M2 macrophages. M1 pheno-
type differentiation to P. gingivalis challenge has 
been associated with the engagement of C5a 
(Hou et  al. 2017), which can mediate C5aR- 
TLR crosstalk to disengage bacterial clearance, 
and suppress of α-ketoglutarate metabolic path-
way (Yu et al. 2018). Additionally, experimental 
P. gingivalis-LPS injection in mice supports 
that M1 macrophage infiltration of gingiva and 
reactive oxygen species synthesis are modulated 
by uncoupling protein-2 (Yan et  al. 2020), 
whereas exposure to high levels of bacteria 
resulted in cell apoptosis (Lam et al. 2016).

Employing classically activated (M1) and 
alternatively activated (M2) murine bone- 
marrow- derived macrophages, immunologic 
activation of macrophages before P. gingivalis 
challenge induced the expression of TLR4 and 
CD14, although the cytokine profiles were pre-
dominantly anti-inflammatory (IL-10) in 
M1-skewed macrophages and proinflammatory 
(IL-6 and TNF-α) in M2 skewed macrophages 
(Papadopoulos et  al. 2017). Similarly, P. 
gingivalis- LPS stimulation during the polariza-
tion phase of THP-1 cells resulted in lower TNF- 
α, IL-1β upon secondary LPS treatment (Belfield 
et al. 2017). Altogether, these differences might 
rely on specific monocyte/macrophage cells and 
protocols of macrophage differentiation, prim-
ing, and bacterial exposure used. Though it can 
be generally accepted that P. gingivalis elicits a 
predominantly M1 macrophage response, the 
inflammatory milieu encountered by macro-
phages before pathogen interaction might impact 
the quality and quantity of the response 
(Papadopoulos et al. 2017).

Osteoclasts are mainly derived from 
monocyte/macrophages by their exposure to 
M-CSF and RANKL. M2 (CD206+) subpopula-
tions were suggested to have a stronger osteo-

clastogenenic potential than M1 (CD86+) 
subpopulations, based on their enhanced osteo-
clast differentiation, acting reings formation 
and bone-resorptive activity in mouse bone mar-
row cells, due to low expression of the transcrip-
tion factor IRF5, which induces M1 differentiation 
(Yang et al. 2019). Likewise, the addition of M1 
macrophages significantly suppressed RANKL- 
induced osteoclastogenesis in RAW264.7 cells or 
bone marrow cells, compared to non-stimulated 
(M0) and M2 macrophages; Similarly, adoptive- 
transfer of M1 macrophages in vivo using a 
ligature- induced periodontitis mouse model 
resulted in lower alveolar bone loss and TRAP+ 
osteoclasts when compared to M0 or M2 macro-
phage transfer, which might be mediated by the 
secretion of soluble IFN-γ and IL-12 (Yamaguchi 
et al. 2016). The M1 transcription factors IRF5, 
IRF8, and STAT1were able to inhibit osteoclast 
differentiation, while the M2 factors, IRF4 and 
PPARγ, are known to increase osteoclast differ-
entiation (Yang et al. 2019). Conversely, another 
study showed that M1 macrophage infiltration 
was associated with periodontal inflammation 
and bone destruction in experimentally-induced 
periodontitis. Moreover, M1 macrophage-derived 
conditioned medium suppressed osteoblastogen-
esis while increasing osteoclastogenesis, proba-
bly via a paracrine effect (Zhu et al. 2019). M2 
cells, on the other hand, promoted osteogenic dif-
ferentiation, as well as increased cementoblastic 
differentiation when bone marrow mononuclear 
cells secreting IL-10 and vascular endothelial 
growth factor (VEGF) were co-cultured with 
periodontal ligament stem cells, showing 
enhanced alkaline phosphatase activity, via Akt 
and c-Jun N-terminal Kinase (JNK) signaling 
pathways (Li et al. 2020b). Despite these contra-
dictions, the cited studies support that macro-
phage subtypes might impact the osteoclastogenic 
potential and, that it might be reversed by pheno-
type switching. Whether M1/M2 skewed macro-
phages themselves can better differentiate to 
osteoclasts is controversial, but the paracrine 
effects of M1 macrophages appear to promote 
osteoclastogenesis.
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10.3  Lymphocyte Subpopulations 
in Periodontitis

The recognition of different lineages of Th lym-
phocytes characterized by distinctive cytokine 
secretory patterns was a keystone in the under-
standing of immunological responses and the 
advancement of the current paradigms of inflam-
matory disease etiology. The original Th1 and 
Th2 subtypes of T helper cells were identified in 
the late 1980s, followed by the rapid recognition 
of a wide variety of new subtypes, including 
Th17, Th22, and Treg. All these subtypes have 
been detected and investigated in periodontal tis-
sues (Li et al. 2020a).

Th1 cells are a subpopulation of T helper cells 
characterized by the expression of the transcrip-
tion factor T-bet under the influence of IL-12. 
The archetypical cytokine product of Th1 lym-
phocytes is IFN-γ and has been heavily impli-
cated in the activation of macrophage microbicide 
mechanisms. The Th1 preponderance hypothesis 
in periodontitis is supported by experimental evi-
dence of the overexpression of IFN-γ in mono-
nuclear cells isolated from periodontitis patients, 
and by the relative abundance of IFN- γ in gingi-
val crevicular fluid and saliva of periodontitis 
patients (Medara et  al. 2021a; Koidou et  al. 
2020). Th1 cytokines intensify the activation of 
neutrophils and macrophages, generating a pro-
inflammatory loop that augments local levels of 
tissue destructive mediators. The Th1 lineage is 
responsible for the production of various cyto-
kines that maintain and amplify inflammation, 
directly or indirectly promoting the recruitment 
and perpetuity of active immune cells in peri-
odontal tissues. Both IL-1β and TNFα are char-
acteristic secreted products of Th1 lymphocytes 
(Cavalla et  al. 2021; Araujo-Pires et  al. 2014). 
This upregulation in inflammation produces 
enhanced periodontal destruction. It is worth 
observing that IFN-γ- mediated Th1 responses 
are essential to avoid pathogen dissemination and 
that experimental murine evidence suggests that 
IFN-γ deficient mice suffer from widespread and 
often lethal systemic infection after being orally 
challenged with periodontopathic bacteria 
(Garlet et al. 2008).

Th2 cells are characterized by the expression 
of the transcription factor GATA-3 and the secre-
tion of a wide array of cytokines, including IL-4, 
IL-5, IL-9, IL-13, and IL-25, being IL-4 the main 
positive feedback signal for Th2 lineage commit-
ment (Cavalla et al. 2021). Th2 mediators seem 
to cooperate with anti-inflammatory cytokines, 
given the similarity between the properties of IL- 
10 and IL-4. Also, there is some evidence linking 
Th2 polarization with a B-cell cooperative axis, 
where IL-4 would support the local production of 
antibodies against periodontopathic bacteria 
(Pradeep et al. 2008; Zhu and Zhu 2020). Also, 
IL-4 seems to prime macrophages for M2 polar-
ization, acting as a key mediator to drive the 
immune response towards a regulatory response 
(Lam et al. 2016).

Th17 cells are a subpopulation of T helper 
cells characterized by the expression of the tran-
scription factor RORγT under the influence of 
IL-21, and able to secrete IL-17 (Bunte and 
Beikler 2019). Th17 cells are implicated in 
inflammatory osteolytic conditions, probably via 
RANKL upregulation and their capacity to 
enhance neutrophil and macrophage activity 
(Cavalla et  al. 2021). Both Th1 and Th17 sub-
types seem to collaborate in sustaining a proin-
flammatory loop characterized by a strong influx 
and activation of neutrophil microbicidal activi-
ties, secretion of MMPs, and osteoclastogenesis, 
collectively responsible for periodontal destruc-
tion (Monasterio et al. 2018; Chen et al. 2016).

Regulatory T-cells (or Tregs) are a heteroge-
neous population of CD4+ CD25+ FoxP3+ T 
helper cells. At least two distinct Treg subtypes 
exist, thymic-derived natural Tregs (nTregs) and 
peripherally induced Tregs (iTregs). Both sub-
types are characterized by high levels of secre-
tion of IL-10, and of TGF-β which are responsible 
for their immune and inflammatory suppressor 
functions (Haribhai et  al. 2016). Despite these 
classical functions, Tregs might eventually pro-
mote the gain of Th17-related functions, such as 
the production of IL-17A, in a chronic inflamma-
tory milieu, particularly in the presence of sus-
tained IL-6 and TGF-β stimuli (Alvarez et  al. 
2020; Kimura and Kishimoto 2010). There is 
plenty of evidence that supports the notion of 
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multiple immune and inflammatory paths leading 
to periodontal destruction by a relative increase 
of RANKL over OPG. On the other hand, emerg-
ing evidence points to a previously unimagined 
Th2/Treg cooperation to drive periodontal stabi-
lization. Th2 and Treg secretion products are 
known to inhibit the production of RANKL and 
other proinflammatory destructive cytokines, 
moreover, Th2/Treg secreted cytokines may 
directly or indirectly upregulate OPG, inhibiting 
lesion progression (Cavalla et al. 2021).

Tregs have a battery of suppressive mecha-
nisms that may function in four distinctive ways: 
(Tonetti et  al. 2013) modulation of antigen- 
presenting cell (APC) maturation or function, 
(2) suppression by killing targeted cells, (3) sup-
pression by metabolic disruption, and (4) sup-
pression by inhibitory cytokines (Deng et  al. 
2019; Barbi et  al. 2014). An example of APC 
inhibition is the Treg expression of CTLA-4, the 
archetypal inhibitory receptor relative to the T 
cell costimulatory molecule CD28. While CD28 
signaling promotes T cell activation, CTLA-4 
suppresses the T cell response by interacting 
with costimulatory receptors expressed at the 
APC surface. This contact inhibition leads to 
anergy by the downregulation and sequestration 
of costimulatory receptors. Tregs can also induce 
apoptosis in their target cells through cell con-
tact-dependent cytolysis or via the tumor necro-
sis factor-related apoptosis-inducing 
ligand-death receptor 5 pathway (TRAILDR5). 
Tregs also mediate suppressive metabolic distur-
bance of T cells by utilization of local IL-2, 
which limits T cell proliferation. Yet another 
suppressive mechanism is the expression of cell 
surface enzymes, CD39 and CD73, which cata-
lyze extracellular ATP hydrolysis to ADP, AMP, 
and adenosine. Adenosine signals may inhibit 
APCs as well as activated T lymphocytes by ele-
vation of intracellular cAMP. All these suppres-
sor mechanisms are cooperative and work in 
conjunction with the secretion of inhibitory 
cytokines (such as IL-10, IL-35, and TGF-β) 
(Ferreira et al. 2019; Raffin et al. 2020).

Many studies using animal models of peri-
odontitis have confirmed the importance of Treg 
suppressive functions during the late stages of the 

disease. For instance, the inhibition of Tregs with 
anti-GITR in an A. actinomycetemcomitans- 
induced model of periodontitis showed increased 
alveolar bone loss associated with the reduction 
of IL-10, CTLA-4, and TGF-β levels (Garlet 
et  al. 2010). In another murine study, Tregs 
seemed to cooperate with Th2 cells, where the 
coexistence and expression of IL-4, Foxp3, and 
IL-10 correlated with attenuation of osteolysis. In 
this model, IL-4 induced CCL22 expression that 
modulated CCR4-dependent Treg migration. 
Specifically, experimental periodontitis in IL-4 
knockout mice shows an almost total reduction of 
Tregs and CCL22 production/expression. 
Therefore, Treg functionality is needed to sustain 
a controlled immune response that might avoid 
the disease progression or reactivation (Alvarez 
et al. 2018).

Abundant experimental evidence from animal 
models has demonstrated that periodontal 
destruction is strongly associated with a relative 
predominance of Th1 and Th17 cytokines, 
whereas Th2 and Treg cytokine products are 
associated with lesion stability and regression 
(Vernal et  al. 2014; Monasterio et  al. 2019b; 
Araujo-Pires et al. 2015). Similarly, studies from 
human tissue samples and gingival crevicular 
fluid have demonstrated a relative abundance of 
Th1 and Th17 cells and secreted products in pro-
gressing periodontal lesions, while Th2 and Treg 
cells and secreted products predominate in 
healthy tissues or post periodontal treatment (Bi 
et al. 2019; Chen et al. 2016; Zhao et al. 2011).

Recent evidence suggests that CCL22 may be 
the molecular connection between Th2 and Tregs 
cell subtypes. IL-4 is capable of inducing CCL22 
production and secretion, which stimulates Treg 
migration in a CCR4/CCL22-dependent 
axis (Araujo-Pires et al. 2015). The transit from 
an active periodontal lesion to an inactive pheno-
type requires the synergic contribution of Th2 
and Treg cell subtypes. Characteristic Th2/Treg 
secretion products, such as IL4, IL10, TGF-β are 
abundant in inactive lesions. Moreover, a low 
RANKL/OPG ratio seems to be the direct conse-
quence of the relative abundance of Th2/Treg 
secretion products (Araujo-Pires et  al. 2015; 
Francisconi et al. 2016). It is also significant to 
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notice that other cell populations may collaborate 
to create a suppressive environment characteris-
tic of stable lesions. For example, mesenchymal 
stem cells (MSCs) are known to produce IL10 
and TGF-β and could be activated to secrete these 
immune-suppressive cytokines by the molecular 
environment generated by the Th2/Treg collab-
orative axis (Araujo-Pires et al. 2014).

More recently, Th22 cells (CD4+ IL-22+ 
AhR+) have been typified by the production and 
secretion of IL-22, which can exert pro- 
inflammatory effects by a synergistic action with 
classic pro-inflammatory mediators, such as 
TNF-α and IL-17 (Diaz-Zuniga et  al. 2017). 
IL-22 can upregulate RANKL expression and 
therefore induce osteoclastogenesis. Murine ani-
mal models have demonstrated that higher levels 
of IL-22, AhR, and RANKL, as well as IL-1β, 
IL-6, IL-12, IL-17, IL-23, and TNF-α, were 
expressed in periodontal lesions of infected mice 
compared with periodontal tissues of sham- 
infected and non-infected controls. Likewise, 
high RANKL localization was observed in peri-
odontal tissues of infected mice; however, few 
RANKL was observed in controls. Furthermore, 
higher recognition of CD4+ IL-22+ AhR+ T lym-
phocytes was evident in periodontal lesions and 
draining cervical lymph nodes of infected mice 
compared with non-infected controls. Finally, the 
overexpression of IL-22 and RANKL showed a 
significant positive correlation with bone resorp-
tion in experimental periodontal lesions 
(Monasterio et al. 2019a).

Memory T cell subsets (TM) are also present 
in gingival tissue and are believed to play a role 
in the immune surveillance of the gingival muco-
sal barrier. Two memory T cell populations; a 
CD69− recirculating population and a CD69+ 
gingiva-resident memory T cell population have 
been identified in healthy gingiva. Among them, 
CD4+ T cells with transitional memory pheno-
type (CD45RA− CCR7− CD28+ CD95+) consti-
tute the major subset. The invasion of bacteria 
and the presence of bacterial antigens in deep 
compartments of the gingival connective tissue 
has the potential to activate these memory T cells 
and trigger deleterious inflammatory and immune 
responses capable of disrupting periodontal 

homeostasis (Mahanonda et  al. 2018; Medara 
et al. 2021b).

Emerging evidence also suggests a role of 
myeloid-derived suppressor cells (MDSC) in 
periodontitis. MDSC represents a heterogeneous 
population of myeloid progenitor and immature 
myeloid cells with potent immune-suppressive 
activity, which seems to depend on the inflamma-
tory microenvironment, particularly induced by 
PGE2, IL-1 beta, and IL-6 (Valero-Monroy et al. 
2016). MDSC can induce the generation of Th17 
and Treg cells in other chronic inflammatory dis-
eases (Nagaraj et  al. 2013). Experimental peri-
odontitis induced by P. gingivalis promoted the 
expansion of these immune-suppressive cells, as 
suggested by the differential expression of the 
granulocyte and monocyte markers Ly6G and 
Ly6C, respectively. On the one hand, MDSC 
exerted an inhibitory effect on the proliferative 
activity of CD4+ T cells. On the other, 
CD11b + Ly6G+ Ly6C++ MDSC could differen-
tiate into TRAP+ osteoclasts. Consecutively, 
MDSC may contribute to the disease by immune 
suppression but also through bone-resorbing 
activity (Su et  al. 2017). Further studies are 
needed to elucidate the emerging roles of these 
cells in periodontitis.

Periodontitis is linked to other chronic/non- 
communicable diseases (e.g., diabetes mellitus, 
cardiovascular diseases, obesity), probably by 
the systemic effects of bacteria and their products 
in distant body compartments (Sanz et al. 2020; 
Polak and Shapira 2018; Baeza et  al. 2020). 
Recent evidence points to an effect of periodontal 
treatment over the polarization pattern of T helper 
cells in peripheral blood. Interestingly, it has 
been demonstrated that the majority of Foxp3+ 
and IL-17+ cells were TCRαβ+ CD4+ (true T 
helper cells), whereas the majority of IFN-γ+ and 
IL-4+ cells were TCRαβ+ CD4− followed by 
TCRαβ+ CD4+ cells. Likely, these TCRαβ+ CD4 
cells are CD8+ T cells, CD4+ TCRαβ− cells are 
NK and NKT cells, and TCRαβ− CD4− cells are 
γδ T cells, macrophages, basophils, or B cells 
(Medara et al. 2021b). This is an important point 
since it has been long been assumed that IFN-γ+, 
IL-4+, IL-17+, or IL-10+ expression equals Th1, 
Th2, Th17, and Treg cells, while it now appears 
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that non-canonical cytokine-producing cells may 
also contribute to peripheral immune dysregula-
tion in periodontitis.

10.4  Immune Reprogramming 
Intervention Strategies

Overall, the pathogenesis of periodontitis is asso-
ciated with a higher ratio of proinflammatory M1 
(classically activated) macrophages to anti- 
inflammatory M2 (alternatively activated). 
Likewise, the pattern of Th response seems to be 
a critical determinant of periodontal destruction 
or stability, since such cell types not only regulate 
the overall immune response pattern but also may 
directly interfere in the RANKL/OPG balance, 

which is essential for bone homeostasis 
(Fig.  10.1). Accordingly, intervention strategies 
aiming at an active reprogramming of immune 
polarization phenotypes to promote homeostasis 
in chronic inflammatory destructive diseases, 
such as periodontitis, open a promising area for 
therapeutic development (Alvarez et al. 2019).

Cranberry concentrates (100  μg/mL) down-
regulated proinflammatory cytokine expression 
(IL-8 and IL-6) and M1 (CD68+ and CCR7+) 
polarization in LPS-stimulated THP-1 macro-
phages in vitro, whereas anti-inflammatory IL-10 
and M2 (CD68+ and CD206+) polarization were 
significantly upregulated after 24 hours of expo-
sure (Galarraga-Vinueza et al. 2020). Also, prom-
ising results have been recently reported in 
experimentally induced periodontitis. C-C motif 

Fig. 10.1 Polarization profiles of T lymphocytes and 
macrophages responses in periodontitis. Periodontitis is 
triggered by the complex interactions established between 
a dysbiotic bacterial biofilm and the host’s immune 
response that results in periodontal supporting tissue loss. 
In response to periodontal pathogens macrophages polar-
ize predominantly to M1 –pro-inflammatory- functional 
phenotype, promoting Th1- and Th17 differentiation sub-
types, which are directly associated with periodontal 
destruction. Also, Th22 and activated T memory (TM) 

lymphocytes contribute to periodontal tissue breakdown 
through pro-inflammatory and pro-resorptive effects. In 
contrast, the periodontal milieu in the presence of oral 
commensal bacteria associates with M2 macrophages as 
well as Th2 and Treg responses, which are associated with 
periodontal homeostasis and stability. Noteworthy, IL10 
and TGF-β can also be produced by resident mesenchy-
mal stem cells (MSCs) and contribute to local 
immunosuppression
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chemokine ligand 2 (CCL2) was shown to 
increase the number of M2 macrophages, 
decreasing TNF-α secretion. CCL2 controlled- 
release nanoparticles enhanced chemotaxis of 
RAW264.7 cells and effectively inhibited inflam-
matory alveolar bone loss in P. gingivalis- and 
ligature-induced periodontitis models. 
Furthermore, local administration of CCL2- 
releasing nanoparticles increased the number of 
M2 polarized macrophages in the P. gingivalis- 
induced periodontitis model. Accordingly, a sig-
nificant increase in IL-1RA and a decrease in 
RANKL mRNA expression were observed 
(Zhuang et al. 2019). Recently, a combination of 
IL-4, IL-13, and IL-10 was reported to differenti-
ate macrophages into a subset of M2 polarization 
cells that express much higher levels of CD206, 
ARG-1 to promote tissue regeneration, and 
PDL-2 to suppress T cell proliferation. After test-
ing with a mixed lymphocyte reaction assay, this 
subset of macrophages increased IL-2 secretion 
and suppressed IL-17, IL-6, and TNF-α secre-
tion. Moreover, injection of these M2 macro-
phages to P. gingivalis-induced periodontitis 
mice model increased the ratio of regulatory T 
cells (CD4+ /Foxp3+) and reduced osteoclast dif-
ferentiation, showing a striking immune homeo-
static potential (Miao et  al. 2020). These data 
indicate that manipulation of the macrophage 
equilibrium could be a viable option in the treat-
ment and/or prevention of periodontitis in sus-
ceptible individuals. Also, the macrophage-based 
nanosystems exhibit great potential for controlled 
drug delivery in periodontitis treatment, but more 
studies are needed.

Experimental approaches have already dem-
onstrated the feasibility of harnessing the protec-
tive potential of Treg cells by selective recruitment 
to inflamed periodontal sites using a nano poly-
mer capable of controlled CCL22 liberation 
(Glowacki et  al. 2013). Alternative approaches 
using specific monoclonal antibodies against key 
mediators of bone destruction have also demon-
strated their utility in the prevention of bone frac-
tures in postmenopausal women and are, at least 
potentially, a plausible alternative to modulate 
periodontal destruction (Deeks 2018; Sobacchi 
et al. 2019). The greatest challenge to transition 

from experimental procedures to therapeutic 
interventions is the development of adequate 
vehicles to deliver bioactive molecules, avoiding 
unwanted systemic effects while achieving 
desired outcomes in the periodontal tissues.

10.5  Conclusion and Perspectives

The crosstalk between macrophages and T lym-
phocytes polarization profiles plays a determi-
nant role in periodontitis. Active periodontal 
lesions are associated with the predominance of 
M1 macrophages and Th1/Th17 lymphocytes 
over M2 macrophages and Th2/Treg lymphocyte 
subpopulations. The possibility of safe local 
immune modulation, harnessing the body’s natu-
ral regulatory capacity to suppress destructive 
immune responses represents an attractive per-
spective to be explored as a future approach to 
revolutionize the clinical management of 
periodontitis.
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Abstract

A complex disease such as periodontitis is the 
sum of environmental and genetic effects. The 
personal genetic constitution interacts with 
the effects of internal and external risk factors 
like smoking, oral hygiene, malnutrition, 
emotional stress, and age. Accordingly, indi-
viduals who live in the same environmental 
context and share comparable lifestyle habits 
have different disease risks. Genetic research 
offers the identification of DNA sequence 
variants that have a causal role in disease eti-
ology and allows the identification of disease 
relevant immune and metabolic pathways that 
contribute to disease susceptibility and patho-
genesis in specific situations. Real advances 
have been made in genetic medical research in 
the last years. Starting from candidate gene 
association studies, new approaches were 
employed that have expanded the study design 
of genomewide association studies to genome-
wide meta-analyses and gene x environment 
interaction studies. Cost efficient whole- 

exome and whole-genome sequencing of 
patients with rare severe forms of periodonti-
tis has the potential to identify genes and path-
ways with a direct role in the pathogenesis of 
common forms. In parallel, animal models 
were developed that use genetically highly 
diverse mouse lines to identify risk genes of 
human diseases. This chapter presents the 
main studies and the identified susceptibility 
genes that have clear statistical evidence. In 
addition, it describes pioneering studies that 
used advanced methods in experimental den-
tal research, opening up new avenues of 
research. Although the knowledge of the 
genetic architecture of periodontitis is still in 
its infancy, genetic research is building the 
basis for future works with the potential to 
advance dental medicine in ways that will 
determine the various causes of periodontal 
diseases. This knowledge may eventually 
allow making predictions about disease risk 
for individual patients and leading to diagno-
sis and treatments that do not treat the symp-
toms but heal the disease.
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Abbreviations

GWAS Genomewide association study
RIL Recombinant inbred line
WES Whole exome sequencing

11.1  Meaning of Genetic Studies 
for Periodontal Diseases

11.1.1  The Causative Factors 
of Periodontal Diseases Seem 
Elusive

Periodontitis is an inflammatory oral disease that 
affects a large proportion of the world’s popula-
tion (Eke et al. 2012; Marcenes et al. 2013). It is 
supposed to develop as a result of disruption of 
the microbial homeostasis (Lamont et  al. 2018; 
Darveau 2010), a complex network of interac-
tions between the microbial community of the 
oral mucosa, host epithelial and immune cells 
(Clemente et  al. 2012). The oral microbiome is 
shaped and stabilized by the host immune system 
and the local environment (Yost et  al. 2017). 
Factors such as smoking and nutrient availability 
but also changes and by-products of host immune 
responses during life and ageing can propagate 
outgrowth and over-representation of microor-
ganisms that are able to adapt to altered environ-
mental conditions. These microbial groups may 
selectively expand, thereby creating an imbal-
ance of the community, with increases in the pro-
duction of virulence factors beyond a threshold 
that can instigate periodontitis. Likewise, in peri-
odontitis, species or genera that dominate 
disease- associated polymicrobial communities 

Patient Summary

Periodontitis has no certain known caus-
ative factors such as specific bacteria. The 
lack of known causality results in almost 

Considerations for Practice

• Moderate late-onset and severe early- 
onset forms of periodontitis have differ-
ent causations, which are largely found 
in environmental and age related or 
genetic factors, respectively.

• Genetic testing cannot currently predict 
the individual risk to develop 
periodontitis.

• Complementary study concepts have 
the potential to identify the genetic risk 
factors of periodontitis. This knowledge 
will eventually contribute to the elucida-
tion of the causative factors underlying 
the disease, leading to improved diagno-
sis and treatment options.

Highlights

• GWAS identified SIGLEC5, DEFA1A3 
and ATP6V1C1 as risk loci of 
periodontitis.

• Complementary study concepts that 
integrate common and rare severe early- 
onset disease manifestations in human 
patients and mouse models will identify 
the causative factors of periodontitis.

• Different disease manifestations have 
different causations.

the same treatment options for all peri-
odontal diseases. Advances were made in 
the last years in genetic medical research 
and although in its infancy, susceptibility 
genes with specific roles in wound healing 
and immune defense were identified. This 
chapter highlights important studies that 
identified these genes and introduces pio-
neering studies that used advanced experi-
mental methods opening up new avenues 
of research. These may allow leading to 
enhanced understanding of the different 
causation of periodontal diseases, improved 
diagnosis and treatments.

A. S. Schaefer
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are also found in health but at reduced relative 
abundance (Abusleme et  al. 2013). The current 
concept that underlies the etiology of periodontal 
diseases describes that there is not a single micro-
bial composition representing a periodontal state 
associated with health or disease. Instead, the life 
history of the host in interaction with the host 
genome shapes the composition and quantities of 
the individual’s oral microbiome (Nibali et  al. 
2009; Nibali et al. 2014).

The lack of a specific causative microbial factor 
for periodontal diseases is unlike other diseases 
that involve microorganisms, e.g. like pneumonia, 
where specific bacteria are known to be the cause. 
Moreover, the effects of internal and external fac-
tors like age, smoking, malnutrition and emotional 
stress (Kinane et al. 2006) differ largely between 
individual cases who live in the same environmen-
tal context and share comparable lifestyle habits. 
The causative factors of periodontal diseases seem 
elusive. Accordingly, no medication exists to cure 
periodontitis and no general accepted laboratory 
tests are available to advance diagnosis. This is 
why clinicians resort to diagnose the clinical pre-
sentations of periodontal diseases by the symp-
toms, subdividing different stages of periodontal 
diseases according to the extent and progression of 
tissue destruction. However, many patients meet 
criteria for multiple groups depending on the mea-
surement time point, and symptoms can blend into 
one another, blurring boundaries. This has raised 
scepticism concerning whether the diagnostic cat-
egories correspond to real natural entities. 
Furthermore, the knowledge gap between the clin-
ical symptoms and the underlying causes results in 
almost the same treatment options offered for all 
periodontal diseases, irrespective of the causation. 
Quantifying this problem is the startling statistic of 
tooth implants lost several years after periodontitis 
therapy.

11.1.2  The Genetic Architecture 
Determines the Susceptibility 
to Periodontal Diseases

A complex disease such as periodontitis is the 
sum of genetic and environmental effects. 
Genetic research offers the identification of DNA 

sequence variants that are directly involved in 
disease pathogenesis. These variants point to 
genes that have a causal role in the etiology. The 
knowledge of these genes and variants, and their 
relationship with environmental factors, allows 
the identification of immune regulatory or meta-
bolic pathways that are involved in the etiology 
of periodontitis and gives direct insight into the 
molecular mechanisms that contribute to disease 
susceptibility and pathogenesis. In this respect, 
knowledge of the genetic etiology has the poten-
tial to guide stratification of patients into sub-
groups by the causation and not the symptoms of 
the disease.

The genetic contributions to the variability of 
the phenotype in a population is estimated by the 
heritability. The heritability for periodontal bone 
loss is estimated at 0.4–0.5 and increases with 
younger age of disease onset and severity (Nibali 
et al. 2019). It is important to consider that peri-
odontitis is usually the result of long-term gingi-
vitis. This is implied because, for example, 
bleeding on probing for 25  years results in an 
almost 50% increased tooth loss (Lang et  al. 
2009). However, gingivitis showed no heritabil-
ity (Michalowicz et al. 2000; Nibali et al. 2019). 
In other words, genetic factors do not determine 
the susceptibility to gingivitis. Instead, it can be 
extrapolated that it is the ability to confine gingi-
val inflammation by endowing appropriate bar-
rier integrity, efficient wound healing, and 
immune defense, which in the end causes alveo-
lar bone loss. Moreover, the increased heritability 
at a younger age of disease onset and severity 
implies that specifically the age of onset and the 
rate of progression of periodontal bone loss is 
determined by genetic factors. This entails that 
the genetic variation, which results from combi-
nations of segregating alleles in the genomes of a 
population, plays a central role in determining 
time of disease-onset, severity, and progression, 
resulting in the different clinical manifestations 
of periodontal diseases. In this context it would 
not be very speculative to hypothesize that micro-
bial factors and subsequent gingivitis initiate the 
pathogenesis of periodontitis, but genetic varia-
tion paves the way to disease. In other words, it is 
considered for complex a disease that the suscep-
tibility is determined by the individual genetic 
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architecture (Timpson et  al. 2018; Yong et  al. 
2020), the characteristics of genetic variation that 
are responsible for heritable phenotypic variabil-
ity. The genetic architecture depends on the num-
ber and allele frequencies of genetic variants 
affecting a disease, the magnitude of their effects 
and their interactions with each other and the 
environment. Therefore, gene–gene as well as 
gene–environmental interactions play a funda-
mental role in the disease etiology. From this fol-
lows the objective of genetic research that is to 
identify the genes that are involved in the patho-
genesis and to estimate the genetic effects  that 
the potential risk variants  exert in interaction 
with specific environmental factors.

In the long-term, this knowledge will allow 
using an individual’s genetic profile to guide 
decisions made about the diagnosis, treatment, 
and prevention of disease. Genetic medical 
research, in a specific molecular way, gives direct 
insight into disease relevant differences between 
individuals. Likewise, the practice of medicine 
emerging from genetic research is termed per-
sonalized medicine. It has the potential to trans-
form our understanding in ways that may allow 
making predictions about disease risk for indi-
vidual patients that can help to choose a preven-
tion or treatment plan that is right for them. The 
stratification of patients by different causes of 
diseases allows in some instances the possibility 
of picking the right drug at the right dose for the 
right person instead of the same treatment options 
offered for all patients and all clinical presenta-
tions. Although personalized medicine is still in 
its infancy, as a former director of the National 
Institute of Health in the USA, Francis Collins 
put it, this may be the biggest revolution in medi-
cine in a very long time.

11.2  Current Strategies to Identify 
the Genetic Basis 
of Periodontal Diseases

11.2.1  Candidate Gene Studies

The study of the genetic variation in candidate 
genes that were selected based on literature 

review had long been the only strategy for the 
identification of disease genes. These studies 
required an a priori hypothesis on the involve-
ment of the selected gene in the disease risk 
(Wilkening et  al. 2009). In principle, there are 
two different selection strategies for a candidate 
gene. It can be asked whether specific loci within 
a specific biological pathway are involved in the 
increase of the genetic risk of the disease, or 
effects of a risk variant from other diseases are 
tested. Both approaches can give answers whether 
a selected candidate gene carries genetic variants 
that increase the risk of PD. The hypotheses for 
the selection of the genes of interest are depend-
ing on the current knowledge of the genetic etiol-
ogy, which has usually been very incomplete, and 
many disease relevant genes will not be selected 
because their functions are unknown or lie within 
pathways that have not been implicated with the 
disease.

Corresponding to the former understanding of 
PD as a disease caused by bacteria, most studies 
focused on genes that were selected for their 
roles in the immune system and a few investi-
gated genes that are involved in tissue destructive 
processes or metabolism (Laine et al. 2010; Loos 
et al. 2005). Most of the candidate genes for any 
human disease turned out not to be right. 
Moreover, most studies also were limited by 
insufficient sample sizes and incomplete analysis 
of the spectrum of genetic variants at the selected 
candidate genes, and often missed replications of 
the results. Therefore, these studies were largely 
unable to draw unambiguous conclusions, even 
when the results were negative.

11.2.2  Genomewide Association 
Studies

The hypothesis-free approach of genome-wide 
association studies (GWAS) got us past the can-
didate gene approach. It allows the simultaneous 
testing of millions of genetic variants across the 
entire genome, in principle considering all genes 
of the entire genome as candidates. A GWAS 
searches across the entire genome using DNA 
sequence variants as markers of a large sample of 
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patients with a specific disease and a large sam-
ple of healthy individuals who are otherwise well 
matched. It finds genetic variations associated 
with a particular disease. These are positions in 
the genome that must be involved in disease risk 
because of consistent differences between both 
groups. However, the associated variants them-
selves may not directly cause the disease. They 
may just be “tagging along” with the actual 
causal variants. For this reason, researchers often 
need to take additional steps, to identify the exact 
genetic change involved in the disease. GWAS 
were particularly useful in finding genetic varia-
tions and identified almost all of the common 
susceptibility variants for almost any complex 
human disease and trait. As of 2020–09, the 
GWAS Catalog (https://www.ebi.ac.uk/gwas/
home) contains 197,708 genetic associations that 
contribute to human traits and diseases, described 
in 4694 publications.

11.2.2.1  Statistical Limitations 
of GWAS

Nevertheless, genome-wide testing of genetic 
variants for associations with a disease is prob-
lematic. For each common genetic variant of the 

genome, a GWAS tests the hypothesis, that it has 
an effect on disease. The probability of detecting 
an effect, if there is a true effect present to detect, 
is expressed by the statistical power of the 
GWAS. The statistical power is affected mainly 
by the effect size and the sample size used to 
detect it. Large effects are easier to detect than 
small effects, while large samples offer greater 
test sensitivity than small samples. In Fig. 11.1, 
the power calculation of the minimum sample 
size required for detecting an association as a 
function of allele frequency and effect size is 
summarized. For example, for detecting the asso-
ciation of a variant with an effect size of odds 
ratio = 1.3 and an allele frequency of 20% in the 
general population, a sample size of 1500 is 
required.

In particular, there is the problem of multiple 
testing. Allele frequencies in independently sam-
pled populations are susceptible to random gene 
drifts, which arise without selection pressure 
across populations. Given random drifts, it is 
possible by chance alone that many alleles are 
more frequent in one sample than in another sam-
ple, e.g. consisting of patients and controls, 
respectively. The more often an association test is 

Fig. 11.1 Statistical power in relation to sample size, 
allele frequency, and OR
To identify a genetic risk variant with a minor allele fre-
quency (MAF) of, for example, 20% in the general popu-
lation (corresponding to 0.2  in the graph), ~1500 cases 
and 1500 controls are required to achieve the necessary 

statistical power of 0.8. For rare alleles, with a MAF of 
1% (corresponding to 0.01  in the graph), more than 
20,000 each of cases and controls are necessary. The sta-
tistical power was calculated for an average OR of 1.3 and 
an equal ratio of controls to cases. (Dupont and Plummer 
1998)
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performed, and GWAS test each of the millions 
of common variants of the genome for associa-
tion with the disease individually, the probability 
of statistical errors rises. To give an example, 
when one million single nucleotide polymor-
phisms are independently tested, one would 
expect to find over 50,000 disease-associated 
variants with a P value of <.05, simply by chance. 
To avoid this error, the P value obtained from the 
chi-square statistic must be corrected for multiple 
testing. This is addressed by setting a genome- 
wide significance threshold by correcting for the 
number of tests performed (Balding 2006). The 
current standard for declaring statistical signifi-
cance at the genome-wide level is a combined P 
value (including ‘initial discovery’ genome-wide 
association study and replication cohorts) of 
<5 × 10−8 (Manolio 2010). This approach reduces 
the number of false positive results but also mark-
edly decreases the power to detect single nucleo-
tide polymorphisms associated with disease. 
Thus, if the sample size or effect sizes of the risk 
alleles are limited, many true associations cannot 
be separated from chance. This requires strate-
gies to increase the sample size or to conceive 
additional study concepts.

11.2.2.2  Alternative Study Concepts 
to Increase Testing Power 
of GWAS

Two different study concepts are constructive to 
achieve the necessary statistical power for 
genome-wide association studies (GWAS). 
Studies can take advantage of existing extremely 
large population-based cohorts with both genetic 
data and proxy phenotypes of the disease avail-
able. Most individuals of these samples have a 
moderate phenotype because severe phenotypes 
are rare in the general population, these studies 
make a trade off between the power provided by 
large sample sizes and the power provided by the 
high heritability of severe disease forms. 
Furthermore, this study concept does not allow 
the identification of risk alleles that modify dif-
ferent disease stages in subgroups of patients, 
because they have no refined clinical data. 
Alternatively, studies can take advantage of the 
increased heritability of cases with severe and 

early-onset disease phenotypes. These studies 
make a reverse trade off between heritability and 
sample size, because there are logistical and 
financial constraints to recruit cases with rare 
phenotypes and detailed phenotype information. 
By taking advantage of the refined information of 
clinical phenotypes, these studies may allow 
stratification of subgroups of cases by clinical 
presentations to identify alleles that modify spe-
cific clinical presentations.

For periodontal diseases, difficulties in gener-
ating appropriate case-control samples have been 
the major cause for the slow progress in identifi-
cation of the genetic risk loci of periodontitis 
compared with other complex human diseases. 
Consequently, and despite an unclear number of 
candidate-gene association studies, susceptibility 
genes of periodontal diseases with strong statisti-
cal evidence are scarce.

11.2.2.3  SIGLEC5
The largest GWAS that has been performed for 
periodontal diseases to date combined periodon-
titis cases from seven studies (N cases = 17,353, 
N controls  =  28,210) from the Gene-Lifestyle 
Interactions in Dental Endpoints (GLIDE) con-
sortium with cases who self-reported loose teeth 
(N cases = 18,979, N controls = 442,052) from 
the UK Biobank (Fig. 11.2) (Shungin et al. 2019). 
The single association that passed the genome 
wide significance threshold of P  =  5  ×  10−8 
located to the gene sialic acid binding Ig like lec-
tin 5 (SIGLEC5), with an intronic variant 
(rs12461706) showing the smallest P-value of 
association with P = 3.9 × 10−9. The frequency of 
the effect allele was 40% and the effect estimates 
in GLIDE and the UK Biobank were consistent at 
this lead locus with an odds ratio  =  1.05 for 
 periodontitis (GLIDE consortium) and 1.06 for 
loose teeth (UK biobank).

Interestingly, the association at SIGLEC5 was 
earlier identified in a GWAS that used cases with 
≥30% bone loss at more than 2 teeth under 
35 years of age (Munz et al. 2017). According to 
the current classification of periodontal diseases 
and conditions (Caton et al. 2018), that diagnoses 
periodontal diseases according to severity (by 
staging) and rate of progression (by grading), 
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these cases were classified as the most severe 
phenotypes (Stages III and IV) with a rapid rate 
of progression (Grade C). The increased power 
provided by the high heritability of this severe 
phenotype of comparatively early age of disease 
onset compared to a more moderate and later 
onset phenotype is impressively indicated by the 
P-values of the associations that were observed in 
both studies. Whereas the GWAS that included 
1119 stage III-IV Grade C cases and 7668 con-
trols showed a P-value of 1.1 × 10−8, the GWAS 
that used ~30 times more cases of a more moder-
ate late onset phenotype, observed a P-value that 
was only marginally smaller, with P = 3.9 × 10−9. 
The increased heritability of early onset cases 
was also reflected by the considerably higher 
effect size of the associated allele with an odds 
ratio  =  1.34 (95% confidence interval  =  1.19–
1.50), indicating enrichment of the effect allele in 
the case sample.

The results from these two GWAS indicated 
that the locus at SIGLEC5 is an important risk 
gene that plays a role in the etiology of severe 
early-onset as well as moderate common forms 

of periodontitis. The role of SIGLEC5 in the con-
text of oral inflammatory diseases is currently 
unknown. However, sialoside-based pattern rec-
ognition by members of the SIGLEC family 
seem to discriminate infections from aseptic tis-
sue injuries and attenuate innate immunity (Chen 
et al. 2009). Recognition of pathogens-associated 
molecular patterns (PAMPs) by Toll-like recep-
tors (TLRs), NOD-like receptors (NLRs) and 
RIG-I-like receptors (RLR) plays a critical role in 
protecting host against pathogens. In addition, 
TLR and NLR also recognize danger-associated 
molecular patterns (DAMPs) to initiate limited 
innate immune responses. While innate immune 
response to DAMPs may be important for tissue 
repairs and wound healing, it is normally well 
controlled to avoid autoimmune destruction. In 
the mouse model, it was shown that CD24–
Siglec10/G interaction selectively dampened 
host response to DAMPs but not PAMPs, thus 
discriminating infections from aseptic tissue 
injuries (Fig. 11.3). In conclusion, it is possible 
that SIGLEC5 has a role in wound healing. 
Future studies will aim to identify the causal vari-

Fig. 11.2 Manhattan plot of the large meta-analysis of 
GWAS data from the GLIDE consortium and the UK bio-
bank that included 36,332 cases and 470,262 controls. 
The red line indicates the threshold for genome-wide sig-
nificance at (P = 5 × 10−8), and the black line indicates a 
suggestive threshold for association at (P = 1 × 10−5). The 

single-locus meeting the genomewide significance thresh-
old is colored in magenta. P-values for the same locus are 
shown in yellow for periodontitis in GLIDE, and blue for 
loose teeth in UKB. The association peak at chromosome 
19 locates to the gene SIGLEC5 (rs12461706, 
P = 3.9 × 10−9). (Taken from Shungin et al. 2019)

11 Complementary Experimental Methods in Genetics Open Up New Avenues of Research to Elucidate…



216

ant of the associations and to elucidate the regu-
latory mechanism that is affected by the effect 
alleles. Additionally, a detailed characterization 
of the function of SIGLEC5 for oral immunity or 
barrier regeneration will give profound insight 
into the etiology of periodontitis.

11.2.2.4  Alpha Defensin Genes
The GWAS that used Stages III  - IV Grade C 
patients also identified a second genetic region 
associated with periodontal diseases at genome-
wide significance level. Interestingly, an earlier 
GWAS on chronic periodontitis reported a sug-
gestive association of this region with more com-

mon periodontitis forms and a later age of disease 
onset (Teumer et al. 2013). The associated vari-
ants located to the antimicrobial peptide genes 
defensin alpha 1 (DEFA1), −3 and −4. These 
genes belong to the family of alpha defensins that 
cluster on chromosome 8 and play a role in host 
defense against microorganisms (Fig. 11.4). The 
genes DEFA1 and DEFA3 are highly copy vari-
able and differ only by a single base substitution 
in the coding sequence. They seem to be inter-
changeable occupants of a 19-kb-long copy- 
variable repeat unit, with both DEFA1 and DEFA3 
gene numbers showing variation (Khan et  al. 
2013). For this reason, the composite designation 
DEFA1A3 was suggested (Aldred et al. 2005).

Noteworthy, in the sample of early onset cases 
and controls alone, the p-value of association was 
not genomewide significant for the GWAS lead 
variant rs2978951, with P  =  4.49x10−7 (effect 
allele frequency 41%, odds ratio  =  1.31). 
However, after increasing the sample size by 
pooling 1116 early onset PD cases and 7654 con-
trols from Germany, the Netherlands, and Turkey 
with the GWAS sample that previously found 
suggestive association of this region with peri-
odontitis (2211 German cases with chronic peri-
odontitis and 1817 controls), the p-value passed 
the genomewide significance threshold with 
P = 2.06 × 10−8. However, this combined sample 
of early-onset and late-onset cases showed 
reduced heritably (odds ratio = 1.25).

11.2.2.5  ATP6V1C1
Another study combined several GWAS data sets 
from stages III  - IV grade C patients and more 
moderate, late-onset periodontitis cases (Munz 
et al. 2019). This study identified two novel loci 
that showed genome-wide significant associations 
with PD. One association is located 13 kilo base-
pairs (kb) upstream to the gene ATP6V1C1 (chr8, 
rs16870060-G, P = 3.69 × 10−9, OR = 1.36, 95% 
CI = [1.23–1.51]). This gene encodes a component 
of vacuolar ATPase (V-ATPase), a multisubunit 
enzyme that mediates acidification of intracellular 
compartments of eukaryotic cells. V-ATPase is 
comprised of a cytosolic V1 domain and a trans-
membrane V0 domain. ATP6V1C1 is one of two 
genes that encode the V1 domain C subunit pro-

Fig. 11.3 Sialoside-based pattern recognition discrimi-
nates infections from aseptic tissue injuries
CD24 forms trimolecular complex with DAMPs and 
SIGLEC10 that inhibits activation of TLR/NLR. Second, 
pathogen- encoded sialidases prevent CD24 from interact-
ing with Siglec 10. As a result, DAMPs and PAMPs 
become indistinguishable during infection. In particular, 
since CD24–Siglec 10 interaction selectively dampens 
host response to DAMPs but not PAMPs, this sialoside-
based pattern recognition may serve as a foundation to 
discriminate PAMPs from DAMPs, which is essential for 
efficient wound healing. (Taken from Liu et al. 2011)
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teins and is highly expressed in osteoclasts. The 
expression is highly induced by RANKL [receptor 
activator for NF-kappaB (nuclear factor kappaB) 
ligand] during osteoclast differentiation. 
Osteoclasts are bone resorbing cells acting as key 
mediators of alveolar bone loss in periodontal dis-
eases. In mice, knockdown of Atp6v1c1 expres-
sion severely impaired osteoclast acidification 
activity and bone resorption, and it was shown that 
Atp6v1c1 is an essential component of the osteo-
clast proton pump and an important regulator in 

osteoclast activation (Feng et al. 2009). Moreover, 
downregulation of the gene TCIRG1 (also known 
as Atp6i), encoding the ATPase H+ transporting 
V0 subunit a3, in mice strongly reduced 
Porphyromonas gingivalis infection-stimulated 
bone loss and gingival inflammation (Jiang et al. 
2013). Taken together, this strongly implies an 
important role of V-ATPase in alveolar bone loss 
during oral inflammation.

The second variant was located in the intron of 
the long intergenic non protein coding RNA 

Fig. 11.4 A model of action of defensins
Most defensins are amphipathic molecules that have posi-
tively and negatively charged amino-acid side chains. This 
allows them to interact with bacterial membranes. 
Electrostatic attraction and the transmembrane bioelectric 
field pull the peptides towards and into the membrane 

(upper panel). As peptides accumulate, the membrane is 
strained and the peptides transition into another arrange-
ment (lower panel) that lowers the strain but results in the 
formation of membrane pores. The pores result in leak-
ages of the bacteria. (Taken from Ganz 2003)
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(lncRNA) LOC107984137 on chromosome 16, 
downstream of the gene SHISA9 (rs729876-T, 
P = 9.77 × 10–9, OR = 1.24, 95% CI =  [1.15–
1.34]). To date, the function of this lncRNA is not 
known.

In addition to the described studies, GWAS 
were performed that focused on common less 
severe manifestations of periodontal diseases, 
selected on the basis of detailed phenotype infor-
mation. These GWAS were generally small in 
size and detected no variants that were associated 
at a genome-wide significance level. However, 
these GWAS reported several variants as sugges-
tive genetic susceptibility variants of common 
forms of periodontitis (Divaris et al. 2013; Hong 
et al. 2015; Munz et al. 2017; Sanders et al. 2016; 
Shaffer et al. 2014; Shimizu et al. 2015; Teumer 
et al. 2013). The reason for the comparably low 
success of these studies is very likely found in the 
reduced statistical power as a result of both the 
limited sample size and the lower heritability of 
the late onset more moderate forms of periodon-
tal diseases. 

In the context of the little success to find 
genetic risk variants for common late-onset man-
ifestations of periodontal diseases, it is important 
to bring to mind the evolutionary meaning of 
periodontitis for health. Unlike other diseases 
like pneumonia, diabetes mellitus, or atheroscle-
rosis that are often life threatening, tooth loss as 
end point of untreated periodontitis generally 
results in the resolution of inflammation leading 
to healing. According to an emerging concept of 
evolutionary medicine (Nesse and Stein 2012), 
periodontal bone loss might have evolved because 
it serves as useful response to long-lasting inflam-
mation. Such regulatory response can be 
 compared, to some degree, with fever or cough, 
unpleasant symptoms that turn on when they are 
needed to restore health. Tooth loss as a response 
to gingivitis may provide a selective advantage in 
situations where the cost of losing teeth to resolve 
inflammation, which could otherwise lead to 
cost-intensive immune reactions and increased 
risk of bacteremia and sepsis, are lower than 
keeping them. This view would explain both the 
increased frequency and reduced heritability of 
periodontitis in the elderly, that can be explained 

by ‘evolutionary trade-offs’, cost-benefit deci-
sions when limited amounts of resources do not 
allow to increase or maintain several protective 
traits, for example pathogen defense and efficient 
wound healing, at once (Garland 2014). 
Evolutionary trade-offs are useful to save costs 
for the maintenance of many vital functions when 
resources are limited. They imply for many dif-
ferent processes in humans and can also be 
observed in the young, for example between chil-
dren’s growth and immune function (McDade 
et al. 2008). For periodontitis, the concept of evo-
lutionary trade-offs is novel and has not been 
addressed experimentally, e.g., in mouse models. 
The interrelation with diabetes might involve this 
situation.

11.2.3  Gene x Environment 
Interactions

Adding to complexity, some forms of periodonti-
tis likely result from an evolutionary mismatch to 
the environment. For instance, lifestyle changes 
can contribute to disruptions of the microbiome 
in particular vulnerable individuals. This is 
strongly implicated in modern epidemics of 
inflammatory bowel diseases or obesity. Different 
genotypes respond differently to exposure of the 
same environmental factor. However, the effects 
of the genetic variants become manifest only in 
specific situations, thus exposing the mismatch to 
an environmental factor. Thus, understanding 
genotype x environment interaction is important 
for an improved understanding of the etiology of 
PD and for the identification of specific risk 
groups and finding appropriate therapies. 
Genotype x environment interactions can be 
tested using genomewide genotype data sets, if 
the exposure of the test persons to the environ-
mental factors was documented. Applying a 
logistic regression model to the case-only design 
provides a clear advantage of statistical power for 
gene x environment interaction studies compared 
to the case-control design (Piegorsch et al. 1994). 
Verification that the interacting alleles and envi-
ronmental factor are uncorrelated in the general 
population is subsequently tested in a sample of 

A. S. Schaefer



219

healthy controls. A requisite of the case-only 
design is that the disease is rare, with a preva-
lence <5% in the general population, making 
stages III  - IV Grade C patients particularly 
appropriate.

Smoking is a well-established environmental 
risk factor for periodontitis but only a portion of 
smokers develops periodontitis. Specifically, 
among adults ≥30 years of age 19% of the cur-
rent smokers but only 6% of the non-smokers had 
severe chronic PD (Eke et al. 2015). The percent-
age of cases was even higher according to EFP 
(Tonetti et al. 2005) definitions (26% of the cur-
rent smokers and 7% of the non-smokers had 
severe chronic PD). A recent study investigated 
whether the relative disease risk associated with 
smoking is modified by common genetic variants 
in a genomewide gene x smoking interaction 
analysis using stage III-IV grade C cases. It found 
various suggestive associations and notably, the 
most illustrative located to the gene Sclerostin 
(SOST) (Freitag-Wolf et  al. 2019), which is a 
potent suppressor of bone formation. SOST is 
primarily produced by osteocytes and inhibits 
osteoblast proliferation and stimulates osteoblast 
apoptosis (Winkler et al. 2003; van Bezooijen  
et al. 2004; Sutherland et al. 2004). Mice overex-
pressing SOST are osteopenic whereas mice 
lacking SOST exhibit increased Wnt signaling, 
bone density, and bone strength. The gene x 
smoking interaction study of Freitag-Wolf et al. 
also showed that cells stimulated with tobacco 
smoke extract significantly transcribed more 
SOST in vitro. This might provide a molecular 
link that potentially connects the effects of 
tobacco smoking with increased alveolar bone 
loss.

11.2.4  Mouse Models

Not alone smoking but other environmental fac-
tors, too, increase the disease risk for periodonti-
tis. For example, dietary patterns influence the 
oral microbiome and overexposure to ferment-
able carbohydrates and saturated fatty acids 
(SFAs) influence the structure and composition 
of dental biofilms and promote a microbial shift 

towards pathogenic organisms (reviewed in 
Lamont et  al. 2018). However, the immune 
response to excess SFA strongly varies between 
individuals living in the same nutritional environ-
ment. This variation is explained to a significant 
extent by the genetic variability. The understand-
ing of how this variation translates into different 
clinical manifestations has potential to guide per-
sonalized medicine. In the absence of available 
human analysis populations that allow directly 
testing the interactions of human genes and sus-
ceptibility variants with a specific environmental 
factor, mouse models are particularly suitable as 
tools for the identification of risk genes in com-
plex human diseases. For example, the aspect of 
excess dietary fat as a risk factor for periodontitis 
was demonstrated in a mouse model that showed 
that alveolar bone loss is significantly increased 
in individuals living on high fat diet (HFD) com-
pared to normal chow and this observation was 
independent of infection with periodontal patho-
gens (Fig. 11.5; Blasco-Baque et al. 2016). These 
findings are in agreement with other studies that 
showed alveolar bone loss in rodent animals after 
HFD consumption (Cavagni et  al. 2013; Fujita 
and Maki 2015).

The majority of genes in mice have ortholo-
gous in the human genome and comparative 
mapping showed that mouse models have the 
potential to recapitulate human conditions and 
can be used for the identification of risk genes in 
complex human diseases (Iraqi et  al. 2008). 
Whereas common inbred mouse lines show a 
generally decreased genetic diversity that may 
impede observation of phenotypic effects caused 
by genetic variability present in the diverse 
mouse genomes, genetically highly diverse sets 
of recombinant inbred mouse lines (RIL) are 
good tools for the identification of risk genes in 
complex human diseases. For example, the 
Collaborative Cross (CC) is a unique, genetically 
highly diverse set of 75 RILs, derived from 
crosses that were created by full reciprocal 8-way 
matings of eight divergent strains of mice 
(Collaborative Cross 2012; Churchill et al. 2004). 
Three founders of the CC are wild-derived, repre-
senting the subspecies Mus musculus castaneus, 
musculus and domesticus, and contribute a large 

11 Complementary Experimental Methods in Genetics Open Up New Avenues of Research to Elucidate…



220

number of sequence variants that do not segre-
gate among classical strains, which descended 
from Mus musculus domesticus. Thus, each RIL 
of the CC is regarded homozygous but a high 
genetic variation exists between the different 
lines. Their advantage is that they allow an analy-
sis of molecular interactions in a context that is 
the most relevant to the clinical trait, namely, 
multiple genetic perturbations (as in a natural 
population), instead of an individual genetic per-
turbation as in a transgenic mouse (Civelek and 
Lusis 2014). Loci that confer susceptibility to 
alveolar bone loss upon exposure to an environ-
mental factor can be mapped across the entire 
murine genome and the human orthologous 
regions are subsequently searched for disease- 
associated variants. To narrow down the list of 
potential candidates even further, expression of 
the genes within a mapped genomic region can 
be compared between susceptible and resistant 
mice, and only those genes with a significant dif-
ference in expression would be selected for asso-
ciation tests in human case-control samples.

A recent study employed this approach and 
identified three differently expressed genes in the 
mouse genome, which carry variants for increased 
susceptibility to alveolar bone loss in response to 

Porphyromonas gingivalis infection (Shusterman 
et al. 2017). All variants within 200 kb upstream 
and downstream of the three protein coding 
human orthologues of the differently expressed 
genes of the mapped trait loci were included in the 
subsequent explorative association analysis using 
the genotypes of the recent large genome- wide 
association study on aggressive periodontitis 
(Munz et al. 2017). Two genetic regions suggested 
association with periodontitis. These were located 
at the platelet factor 4/ pro-platelet basic protein/C-
X-C motif chemokine ligand 5 (PF4/ PPBP/
CXCL5) gene cluster and at the gene UDP gluc-
uronosyltransferase family 2 member A1 com-
plex locus (UGT2A1). The best associated single 
nucleotide polymorphism of each of the two 
regions was subsequently validated using the gen-
otypes of the European- American genome-wide 
association study on chronic periodontitis 
described above (Divaris et al. 2013). In this sam-
ple, a confined genetic region downstream of the 
PF4/PPBP/CXCL5 gene cluster indicated associ-
ation with late onset periodontitis. The best asso-
ciated single nucleotide polymorphism, 
rs1595009, was subsequently replicated in a sam-
ple of cases of German descent with chronic peri-
odontitis (399 of whom were < 60 years of age at 

Fig. 11.5 HFD without oral bacterial colonisation 
induces periodontitis
Mice were colonised with the oral bacterial pathogens 
Porphyromonas gingivalis, Fusobacterium nucleatum and 
Prevotella intermedia or by vehicle solution for 1 month 
and then randomised into four groups: normal chow (NC, 

blue bar, n = 6), normal chow colonised (NC-Co, purple 
bar, n = 6), high-fat diet (HFD red bar, n = 7) and high-fat 
diet colonised (HFD-Co, green bar, n  =  10; §p  <  0.05; 
§§p < 0.001, §§§§p < 0.0001 when compared to NC and 
$p  <  0.05 when compared to NC-Co.). (From Blasco-
Baque et al. 2016, modified)
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disease onset) and 1633 controls. The combined 
estimate of association from the German aggres-
sive periodontitis sample, the European-American 
chronic periodontitis sample, and the German 
chronic periodontitis sample was P = 2.9 × 10−5.

11.2.5  Genetic Susceptibility 
Variants That Are Shared 
Between Different Diseases

Similar to the concept of candidate genes, see 
above, GWAS data sets from epidemiologically 
related diseases can be combined to increase sta-
tistical power and to thus identify risk factors that 
are shared between both diseases. This can be an 
efficient approach because pleiotropy, which 
occurs when one gene influences two or more 
seemingly unrelated phenotypic traits, is com-
mon. GWASs frequently showed that the same 
genetic variants can be significantly associated 
with multiple diseases and traits when the pheno-
types are measured on different individuals so 
that no environmental associations confound the 
results (Bulik-Sullivan et al. 2015; Sivakumaran 
et al. 2011). Evidence implies that at some loci, 
the same causal variants are driving the observa-
tions of associations across diseases and analyti-
cal methods that estimate genetic correlations 
from GWAS data have provided evidence for 
widespread pleiotropy at the level of genes (63%) 
and SNPs (31%) (Watanabe et  al. 2019). 
Pleiotropy may inform reasons for comorbidity 
between traits, pointing to underlying shared 
genetic mechanisms, and may aid in establishing 
the direction of causality between traits.

For example, coronary artery disease (CAD) 
has a well-established genetic basis and a strong 
inflammatory component. An association 
between CAD and periodontitis was reported in 
several clinical and observational studies, and 
may be independent of smoking (Lockhart et al. 
2012) and adiposity (Shungin et  al. 2015). To 
identify shared genetic risk variants a meta- 
analysis of GWAS data sets for CAD and peri-
odontitis was performed. To this end, genotype 
data from the CAD GWAS meta-analysis from 
the “Coronary Artery Disease Genome-wide 

Replication and Meta-analysis plus The Coronary 
Artery Disease” (CARDIoGRAMplusC4D) con-
sortium (60,801 cases vs 123,504 controls) 
(Howson et al. 2017) and the GWASs of stage III/
IV grade C and moderate late-onset periodontitis 
cases (4415 cases vs 5935) was performed (Munz 
et al. 2018). Two SNPs at the known CAD risk 
loci ADAMTS7 (rs11634042) and VAMP8 
(rs1561198) were identified.

The association of VAMP8 (vesicle-associated 
membrane protein 8) illustrates how the discov-
ery of risk genes opens up new avenues of medi-
cal research. VAMP8 has a role in mucin secretion 
in various mucosal interfaces such as airway epi-
thelial cells (Jones et al. 2012) and intestinal gob-
let cells (Cornick et  al. 2017). In these barrier 
tissues, the epithelium is covered by a mucin 
layer that microorganisms have to overcome to 
invade the mucosa. It was shown that certain 
microorganism are able of mucin proteolysis, 
which evokes mucin hypersecretion eventually 
leading to mucus depletion. This process results 
in direct contact of epithelial cells and microor-
ganisms, which may cause host cell death and 
epithelial damage, enabling microbial tissue 
invasion.

Various studies showed that ablation of 
VAMP8 leads to impaired mucus secretion, 
increased adherence of microorganism to epithe-
lial cells and induction of an aggressive proin-
flammatory response an enhanced cell death 
(Cornick et  al. 2017). It was concluded that 
VAMP8 orchestrates the mechanism controlling 
mucus release in response to pathogenic infec-
tion. Future studies will be showing if VAMP8 
has the same role in the oral mucosa and how this 
is related to the increased risk for coronary heart 
disease. The increased disease risk of patients 
with VAMP8 susceptibility variants may result 
from impaired barrier integrity that makes them 
susceptible to microbial tissue invasion. This 
would be an entirely different causation com-
pared to e.g. an impaired would healing capacity, 
which is implied by susceptibility variants at 
SIGLEC5. Understanding of the impaired patho-
genic processes has the potential to find different 
treatment options that address the causes of the 
disease and not the symptoms.
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11.2.6  Severe Early-Onset Diseases 
Are Tools to Identify 
Susceptibility Genes 
of Common Disease 
Phenotypes

Variants of large effects are inconsistent with 
most diagnoses of common diseases, since they 
result in more severe and/or early-onset diagno-
ses (Wray et  al. 2010). This explains why the 
heritability declines with increasing age of onset 
and decreasing severity. Additionally, many 
genetic variants show effects only in specific situ-
ations, adding to complexity. In consequence, for 
highly polygenic traits such as common complex 
diseases, millions of individuals are required to 
identify all susceptibility variants of the effect 
sizes that exist in nature and survive natural 
selection at genome-wide significance 
(P < 5 × 10−8), (Watanabe et al. 2019). An alter-
native to increasing the size of clinical analysis 
samples such extensively is taking advantage of 
the opposite scenario. Literature shows that risk 
genes detected by GWAS harbor rare high-effect 
susceptibility variants, which are independent 
(not in linkage disequilibrium) of the associa-
tions with common diseases and cause severe 
early-onset disease manifestations (Do et  al. 
2015; Flannick et  al. 2014; Fuchsberger et  al. 
2016; Luo et al. 2017). Therefore, rare disorders 
that are distinguished from common forms by 
age-of-onset and severity can be used to identify 
not only rare variants with large effect sizes but 
are tools to identify candidate susceptibility 
genes of common disease forms. These candidate 
genes can be tested for associations in available 
GWAS genotype data sets (Antonarakis and 
Beckmann 2006). The reduced number of multi-
ple testing increases the statistical power of the 
currently available samples.

GWAS cannot identify rare variants that cause 
rare early-onset forms of disease because they are 
not covered by the genotyping arrays. Instead, 
the DNA of the patients and, ideally, of the core 
family including the parents and siblings, need to 
be sequenced to identify the causative variants. 
When an entire genome is being sequenced, the 
process is called ‘whole-genome sequencing.’ An 

alternative to whole-genome sequencing is the 
targeted sequencing of parts of a genome. Most 
often, this involves just sequencing the protein- 
coding regions, which reside within DNA seg-
ments called ‘exons’ and reflect the currently 
‘best understood’ part of most genomes. For 
example, all of the exons in the human genome 
(the human ‘exome’) correspond to ~1.5% of the 
total human genome. Methods are now available 
to isolate and sequence the exons to generate a 
‘whole-exome sequence’ (WES) of a genome.

Several WES studies have been performed for 
periodontal diseases to date. In a consanguineous 
Turkish family with very early EO-PD (first diag-
nosis in early childhood), a homozygous mis-
sense mutation of the gene CTSC, the causative 
gene of the Papillon-Lefèvre syndrome, was 
identified in the affected family members 
(Molitor et al. 2019). This confirmed results from 
an earlier study that identified two variants within 
CTSC to be specific to nonsyndromic extreme 
EO-PD (Hewitt et  al. 2004). In another WES 
study of two families with severe EO-PD cases 
(formerly classified as aggressive periodontitis, 
currently PD grade C) from Japan, a heterozy-
gous missense mutation in NOD2 was described 
(Sudo et al. 2017), that was previously reported 
to contribute to inflammatory bowel disease 
(Rivas et  al. 2011). Another WES-study from 
Brazil sequenced two families including a child 
and parent affected with PD grade C cases (29 
and 32 years of age at the year of enrollment) and 
an unaffected parent and sibling. This study pro-
posed various putative deleterious mutations in 
the genes EEFSEC, ELN, GPRC6A, KRT25, and 
ZNF (Sudo et  al. 2017). In summary, to date, 
some WES studies have been conducted with few 
EA-PD patients. However, these studies re- 
discovered, among others, the known EO-PD risk 
gene CTSC.

11.3  Conclusion and Perspectives

Substantial advances have been made in genetic 
research, although progress has been much 
slower in dentistry compared to other fields of 
medicine. Starting from candidate gene associa-
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tion studies, new approaches were employed that 
have expanded the study design of GWAS to 
genomewide meta-analyses and gene x environ-
ment interaction studies. Technical advances 
have enabled cost efficient whole-genome and 
whole-exome sequencing of patients with rare 
forms of periodontitis with very severe and rapid 
progression and early age of onset, that has the 
potential to identify genes and pathways with a 
direct role in pathogenesis. In parallel, animal 
models were developed that use genetically 
highly diverse mouse lines to identify risk genes 
of human diseases. These experimental and tech-
nical advances are real improvements that will 
strongly contribute to a more fundamental under-
standing of the manifold causes of periodontal 
diseases.

The knowledge of genetic loci that are associ-
ated with periodontal diseases is not synony-
mous, however, with the presence of meaning. 
The challenge of our current times and into the 
future is to leverage the wealth of genomic data 
to derive true biological meaning from GWAS- 
implicated disease risk loci. The bottleneck in 
our understanding of risk loci found by GWAS is 
likely to be due to a lack of disease-focused func-
tional biological studies downstream of GWAS 
locus discovery, and in medical genetic research, 
the main priority now is to translate genome- 
based information into biological relevant knowl-
edge. Various experimental ‘wet lab’ approaches 
have been established to test the functions of 
potential causal variants at these regions. Now, an 
increased emphasis on the functional dissection 
of already identified GWAS loci is most likely to 
benefit knowledge of pathophysiology. These 
methods are laborious, require time, and com-
pared to GWAS analyses, different experimental 
and analytical expertise. This is the reason why 
there will not be real improvements until we 
bridge the gap that separates dental medicine 
from natural sciences, a project that is just getting 
started. In human genetics, the requirements of 
GWAS’ fundamentally transformed the ways in 
which research was being performed. The neces-
sities to generate large sample sizes, which 
involved many different groups, high costs for 
sample collection and processing, as well as 

expensive technology and quickly developing 
data analyses methods, transformed single 
research groups into international consortia that 
worked highly cooperative on the same projects, 
exchanging data and methods, and incorporated 
both clinicians and natural scientists of various 
specialisations. Similar developments will be 
required for dentistry to transform our under-
standing in ways that eventually lead to diagnosis 
and treatments that do not describe and treat the 
symptoms but heal the disease.

References

Abusleme L, Dupuy AK, Dutzan N, Silva N, Burleson JA, 
Strausbaugh LD, Gamonal J, Diaz PI (2013) The sub-
gingival microbiome in health and periodontitis and its 
relationship with community biomass and inflamma-
tion. ISME J 7(5):1016–1025. https://doi.org/10.1038/
ismej.2012.174

Aldred PM, Hollox EJ, Armour JA (2005) Copy number 
polymorphism and expression level variation of the 
human alpha-defensin genes DEFA1 and DEFA3. 
Hum Mol Genet 14(14):2045–2052. https://doi.
org/10.1093/hmg/ddi209

Antonarakis SE, Beckmann JS (2006) Mendelian disor-
ders deserve more attention. Nat Rev Genet 7(4):277–
282. https://doi.org/10.1038/nrg1826

Balding DJ (2006) A tutorial on statistical methods 
for population association studies. Nat Rev Genet 
7(10):781–791. https://doi.org/10.1038/nrg1916

Blasco-Baque V, Garidou L, Pomie C, Escoula Q, 
Loubieres P, Le Gall-David S, Lemaitre M, Nicolas 
S, Klopp P, Waget A, Azalbert V, Colom A, Bonnaure- 
Mallet M, Kemoun P, Serino M, Burcelin R (2016) 
Periodontitis induced by Porphyromonas gingivalis 
drives periodontal microbiota dysbiosis and insulin 
resistance via an impaired adaptive immune response. 
Gut. https://doi.org/10.1136/gutjnl- 2015- 309897

Bulik-Sullivan B, Finucane HK, Anttila V, Gusev A, Day 
FR, Loh PR, ReproGen C, Psychiatric Genomics 
C, Genetic Consortium for Anorexia Nervosa of the 
Wellcome Trust Case Control C, Duncan L, Perry JR, 
Patterson N, Robinson EB, Daly MJ, Price AL, Neale 
BM (2015) An atlas of genetic correlations across 
human diseases and traits. Nat Genet 47(11):1236–
1241. https://doi.org/10.1038/ng.3406

Caton JG, Armitage G, Berglundh T, Chapple ILC, Jepsen 
S, Kornman KS, Mealey BL, Papapanou PN, Sanz M, 
Tonetti MS (2018) A new classification scheme for 
periodontal and peri-implant diseases and conditions – 
introduction and key changes from the 1999 classifi-
cation. J Periodontol 89(Suppl 1):S1–S8. https://doi.
org/10.1002/JPER.18- 0157

11 Complementary Experimental Methods in Genetics Open Up New Avenues of Research to Elucidate…

https://doi.org/10.1038/ismej.2012.174
https://doi.org/10.1038/ismej.2012.174
https://doi.org/10.1093/hmg/ddi209
https://doi.org/10.1093/hmg/ddi209
https://doi.org/10.1038/nrg1826
https://doi.org/10.1038/nrg1916
https://doi.org/10.1136/gutjnl-2015-309897
https://doi.org/10.1038/ng.3406
https://doi.org/10.1002/JPER.18-0157
https://doi.org/10.1002/JPER.18-0157


224

Cavagni J, Wagner TP, Gaio EJ, Rego RO, Torres IL, 
Rosing CK (2013) Obesity may increase the occur-
rence of spontaneous periodontal disease in Wistar 
rats. Arch Oral Biol 58(8):1034–1039. https://doi.
org/10.1016/j.archoralbio.2013.03.006

Chen GY, Tang J, Zheng P, Liu Y (2009) CD24 and 
Siglec-10 selectively repress tissue damage-induced 
immune responses. Science 323(5922):1722–1725. 
https://doi.org/10.1126/science.1168988

Churchill GA, Airey DC, Allayee H, Angel JM, Attie 
AD, Beatty J, Beavis WD, Belknap JK, Bennett B, 
Berrettini W, Bleich A, Bogue M, Broman KW, Buck 
KJ, Buckler E, Burmeister M, Chesler EJ, Cheverud 
JM, Clapcote S, Cook MN, Cox RD, Crabbe JC, 
Crusio WE, Darvasi A, Deschepper CF, Doerge RW, 
Farber CR, Forejt J, Gaile D, Garlow SJ, Geiger H, 
Gershenfeld H, Gordon T, Gu J, Gu W, de Haan G, 
Hayes NL, Heller C, Himmelbauer H, Hitzemann R, 
Hunter K, Hsu HC, Iraqi FA, Ivandic B, Jacob HJ, 
Jansen RC, Jepsen KJ, Johnson DK, Johnson TE, 
Kempermann G, Kendziorski C, Kotb M, Kooy RF, 
Llamas B, Lammert F, Lassalle JM, Lowenstein PR, 
Lu L, Lusis A, Manly KF, Marcucio R, Matthews 
D, Medrano JF, Miller DR, Mittleman G, Mock BA, 
Mogil JS, Montagutelli X, Morahan G, Morris DG, 
Mott R, Nadeau JH, Nagase H, Nowakowski RS, 
O'Hara BF, Osadchuk AV, Page GP, Paigen B, Paigen 
K, Palmer AA, Pan HJ, Peltonen-Palotie L, Peirce 
J, Pomp D, Pravenec M, Prows DR, Qi Z, Reeves 
RH, Roder J, Rosen GD, Schadt EE, Schalkwyk 
LC, Seltzer Z, Shimomura K, Shou S, Sillanpaa MJ, 
Siracusa LD, Snoeck HW, Spearow JL, Svenson K, 
Tarantino LM, Threadgill D, Toth LA, Valdar W, de 
Villena FP, Warden C, Whatley S, Williams RW, 
Wiltshire T, Yi N, Zhang D, Zhang M, Zou F (2004) 
The Collaborative Cross, a community resource for 
the genetic analysis of complex traits. Nat Genet 
36(11):1133–1137. doi:ng1104-1133 [pii]. https://doi.
org/10.1038/ng1104- 1133

Civelek M, Lusis AJ (2014) Systems genetics approaches 
to understand complex traits. Nat Rev Genet 15(1):34–
48. https://doi.org/10.1038/nrg3575

Clemente JC, Ursell LK, Parfrey LW, Knight R (2012) 
The impact of the gut microbiota on human health: an 
integrative view. Cell 148(6):1258–1270. https://doi.
org/10.1016/j.cell.2012.01.035

Collaborative Cross C (2012) The genome architecture 
of the Collaborative Cross mouse genetic reference 
population. Genetics 190(2):389–401. https://doi.
org/10.1534/genetics.111.132639

Cornick S, Moreau F, Gaisano HY, Chadee K (2017) 
Entamoeba histolytica-induced mucin exocytosis is 
mediated by VAMP8 and is critical in mucosal innate 
host defense. mBio 8 (5). https://doi.org/10.1128/
mBio.01323- 17

Darveau RP (2010) Periodontitis: a polymicrobial disrup-
tion of host homeostasis. Nat Rev Microbiol 8(7):481–
490. https://doi.org/10.1038/nrmicro2337

Divaris K, Monda KL, North KE, Olshan AF, Reynolds 
LM, Hsueh WC, Lange EM, Moss K, Barros SP, 
Weyant RJ, Liu Y, Newman AB, Beck JD, Offenbacher 
S (2013) Exploring the genetic basis of chronic peri-
odontitis: a genome-wide association study. Hum 
Mol Genet https://doi.org/10.1093/hmg/ddt065. 
doi:ddt065 [pii]

Do R, Stitziel NO, Won HH, Jorgensen AB, Duga S, 
Angelica Merlini P, Kiezun A, Farrall M, Goel A, 
Zuk O et al (2015) Exome sequencing identifies rare 
ldlr and apoa5 alleles conferring risk for myocardial 
infarction. Nature 518(7537):102–106

Dupont WD, Plummer WD Jr (1998) Power and sample 
size calculations for studies involving linear regres-
sion. Control Clin Trials 19(6):589–601

Eke PI, Dye BA, Wei L, Slade GD, Thornton-Evans GO, 
Borgnakke WS, Taylor GW, Page RC, Beck JD, Genco 
RJ (2015) Update on Prevalence of Periodontitis in 
Adults in the United States: NHANES 2009 to 2012. 
J Periodontol 86(5):611–622. https://doi.org/10.1902/
jop.2015.140520

Eke PI, Dye BA, Wei L, Thornton-Evans GO, Genco RJ 
(2012) Prevalence of periodontitis in adults in the 
United States: 2009 and 2010. J Dent Res 91(10):914–
920. https://doi.org/10.1177/0022034512457373. 
doi:0022034512457373 [pii]

Feng S, Deng L, Chen W, Shao J, Xu G, Li YP (2009) 
Atp6v1c1 is an essential component of the osteo-
clast proton pump and in F-actin ring formation in 
osteoclasts. Biochem J 417(1):195–203. https://doi.
org/10.1042/BJ20081073

Flannick J, Thorleifsson G, Beer NL, Jacobs SB, Grarup 
N, Burtt NP, Mahajan A, Fuchsberger C, Atzmon G, 
Benediktsson R et  al (2014) Loss-of-function muta-
tions in slc30a8 protect against type 2 diabetes. Nat 
Genet 46(4):357–363

Freitag-Wolf S, Munz M, Wiehe R, Junge O, Graetz C, 
Jockel-Schneider Y, Staufenbiel I, Bruckmann C, 
Lieb W, Franke A, Loos BG, Jepsen S, Dommisch 
H, Schaefer AS (2019) Smoking Modifies the 
Genetic Risk for Early-Onset Periodontitis. 
J Dent Res 98(12):1332–1339. https://doi.
org/10.1177/0022034519875443

Fuchsberger C, Flannick J, Teslovich TM, Mahajan 
A, Agarwala V, Gaulton KJ, Ma C, Fontanillas 
P, Moutsianas L, McCarthy DJ et  al (2016) The 
genetic architecture of type 2 diabetes. Nature 
536(7614):41–47

Fujita Y, Maki K (2015) High-fat diet-induced obesity 
triggers alveolar bone loss and spontaneous periodon-
tal disease in growing mice. BMC Obes 3:1. https://
doi.org/10.1186/s40608- 016- 0082- 8

Ganz T (2003) Defensins: antimicrobial peptides of innate 
immunity. Nat Rev Immunol 3(9):710–720. https://
doi.org/10.1038/nri1180

Garland T Jr (2014) Trade-offs. Curr Biol 24(2):R60–
R61. https://doi.org/10.1016/j.cub.2013.11.036

Hewitt C, McCormick D, Linden G, Turk D, Stern I, 
Wallace I, Southern L, Zhang L, Howard R, Bullon P, 

A. S. Schaefer

https://doi.org/10.1016/j.archoralbio.2013.03.006
https://doi.org/10.1016/j.archoralbio.2013.03.006
https://doi.org/10.1126/science.1168988
https://doi.org/10.1038/ng1104-1133
https://doi.org/10.1038/ng1104-1133
https://doi.org/10.1038/nrg3575
https://doi.org/10.1016/j.cell.2012.01.035
https://doi.org/10.1016/j.cell.2012.01.035
https://doi.org/10.1534/genetics.111.132639
https://doi.org/10.1534/genetics.111.132639
https://doi.org/10.1128/mBio.01323-17
https://doi.org/10.1128/mBio.01323-17
https://doi.org/10.1038/nrmicro2337
https://doi.org/10.1093/hmg/ddt065
https://doi.org/10.1902/jop.2015.140520
https://doi.org/10.1902/jop.2015.140520
https://doi.org/10.1177/0022034512457373
https://doi.org/10.1042/BJ20081073
https://doi.org/10.1042/BJ20081073
https://doi.org/10.1177/0022034519875443
https://doi.org/10.1177/0022034519875443
https://doi.org/10.1186/s40608-016-0082-8
https://doi.org/10.1186/s40608-016-0082-8
https://doi.org/10.1038/nri1180
https://doi.org/10.1038/nri1180
https://doi.org/10.1016/j.cub.2013.11.036


225

Wong M, Widmer R, Gaffar KA, Awawdeh L, Briggs 
J, Yaghmai R, Jabs EW, Hoeger P, Bleck O, Rudiger 
SG, Petersilka G, Battino M, Brett P, Hattab F, 
Al-Hamed M, Sloan P, Toomes C, Dixon M, James J, 
Read AP, Thakker N (2004) The role of cathepsin C in 
Papillon-Lefevre syndrome, prepubertal periodontitis, 
and aggressive periodontitis. Hum Mutat 23:222–228. 
https://doi.org/10.1002/humu.10314

Hong KW, Shin MS, Ahn YB, Lee HJ, Kim HD (2015) 
Genomewide association study on chronic periodon-
titis in korean population: Results from the yangpy-
eong health cohort. J Clin Periodontol 42(8):703–710. 
https://doi.org/10.1111/jcpe.12437

Howson JMM, Zhao W, Barnes DR, Ho WK, Young R, 
Paul DS, Waite LL, Freitag DF, Fauman EB, Salfati 
EL, Sun BB, Eicher JD, Johnson AD, Sheu WHH, 
Nielsen SF, Lin WY, Surendran P, Malarstig A, Wilk 
JB, Tybjaerg-Hansen A, Rasmussen KL, Kamstrup 
PR, Deloukas P, Erdmann J, Kathiresan S, Samani 
NJ, Schunkert H, Watkins H, CardioGramplusC4D, 
Do R, Rader DJ, Johnson JA, Hazen SL, Quyyumi 
AA, Spertus JA, Pepine CJ, Franceschini N, Justice A, 
Reiner AP, Buyske S, Hindorff LA, Carty CL, North 
KE, Kooperberg C, Boerwinkle E, Young K, Graff 
M, Peters U, Absher D, Hsiung CA, Lee WJ, Taylor 
KD, Chen YH, Lee IT, Guo X, Chung RH, Hung 
YJ, Rotter JI, Juang JJ, Quertermous T, Wang TD, 
Rasheed A, Frossard P, Alam DS, Majumder AAS, Di 
Angelantonio E, Chowdhury R, Epic CVD, Chen YI, 
Nordestgaard BG, Assimes TL, Danesh J, Butterworth 
AS, Saleheen D (2017) Fifteen new risk loci for coro-
nary artery disease highlight arterial-wall-specific 
mechanisms. Nat Genet 49(7):1113–1119. https://doi.
org/10.1038/ng.3874

Iraqi FA, Churchill G, Mott R (2008) The Collaborative 
Cross, developing a resource for mammalian sys-
tems genetics: a status report of the Wellcome Trust 
cohort. Mamm Genome 19(6):379–381. https://doi.
org/10.1007/s00335- 008- 9113- 1

Jiang H, Chen W, Zhu G, Zhang L, Tucker B, Hao L, Feng 
S, Ci H, Ma J, Wang L, Stashenko P, Li YP (2013) 
RNAi-mediated silencing of Atp6i and Atp6i haplo-
insufficiency prevents both bone loss and inflamma-
tion in a mouse model of periodontal disease. PLoS 
One 8(4):e58599. https://doi.org/10.1371/journal.
pone.0058599

Jones LC, Moussa L, Fulcher ML, Zhu Y, Hudson EJ, 
O'Neal WK, Randell SH, Lazarowski ER, Boucher 
RC, Kreda SM (2012) VAMP8 is a vesicle SNARE 
that regulates mucin secretion in airway goblet cells. 
J Physiol 590(3):545–562. https://doi.org/10.1113/
jphysiol.2011.222091

Khan FF, Carpenter D, Mitchell L, Mansouri O, Black 
HA, Tyson J, Armour JA (2013) Accurate measure-
ment of gene copy number for human alpha- defensin 
DEFA1A3. BMC Genomics 14:719. https://doi.
org/10.1186/1471- 2164- 14- 719

Kinane DF, Peterson M, Stathopoulou PG (2006) 
Environmental and other modifying factors of the 
periodontal diseases. Periodontol 2000 40:107–119. 
https://doi.org/10.1111/j.1600- 0757.2005.00136.x

Laine ML, Loos BG, Crielaard W (2010) Gene poly-
morphisms in chronic periodontitis. Int J Dent 
2010:324719. https://doi.org/10.1155/2010/324719

Lamont RJ, Koo H, Hajishengallis G (2018) The oral 
microbiota: dynamic communities and host interac-
tions. Nat Rev Microbiol 16(12):745–759. https://doi.
org/10.1038/s41579- 018- 0089- x

Lang NP, Schätzle MA, Löe H (2009) Gingivitis 
as a risk factor in periodontal disease. J Clin 
Periodontol 36(Suppl 10):3–8. https://doi.org/ 
10.1111/j.1600-051X.2009.01415.x

Liu Y, Chen GY, Zheng P (2011) Sialoside-based pattern 
recognitions discriminating infections from tissue 
injuries. Curr Opin Immunol 23(1):41–45. https://doi.
org/10.1016/j.coi.2010.10.004

Lockhart PB, Bolger AF, Papapanou PN, Osinbowale O, 
Trevisan M, Levison ME, Taubert KA, Newburger JW, 
Gornik HL, Gewitz MH, Wilson WR, Smith SC Jr, 
Baddour LM (2012) Periodontal disease and athero-
sclerotic vascular disease: does the evidence support 
an independent association?: a scientific statement 
from the American Heart Association. Circulation 
125(20):2520–2544. doi:CIR.0b013e31825719f3 
[pii]. https://doi.org/10.1161/CIR.0b013e31825719f3

Loos BG, John RP, Laine ML (2005) Identification of 
genetic risk factors for periodontitis and possible 
mechanisms of action. J Clin Periodontol 32(Suppl 
6):159–179

Luo Y, de Lange KM, Jostins L, Moutsianas L, Randall 
J, Kennedy NA, Lamb CA, McCarthy S, Ahmad T, 
Edwards C et al (2017) Exploring the genetic architec-
ture of inflammatory bowel disease by whole-genome 
sequencing identifies association at adcy7. Nat Genet 
49(2):186–192

Manolio TA (2010) Genomewide association stud-
ies and assessment of the risk of disease. N Engl 
J Med 363(2):166–176. https://doi.org/10.1056/
NEJMra0905980

Marcenes W, Kassebaum NJ, Bernabe E, Flaxman A, 
Naghavi M, Lopez A, Murray CJ (2013) Global 
burden of oral conditions in 1990-2010: a sys-
tematic analysis. J Dent Res 92(7):592–597. 
ht tps: / /doi .org/10.1177/0022034513490168. 
doi:0022034513490168 [pii]

McDade TW, Reyes-Garcia V, Tanner S, Huanca T, 
Leonard WR (2008) Maintenance versus growth: 
investigating the costs of immune activation among 
children in lowland Bolivia. Am J Phys Anthropol 
136(4):478–484. https://doi.org/10.1002/ajpa.20831

Michalowicz BS, Diehl SR, Gunsolley JC, Sparks BS, 
Brooks CN, Koertge TE, Califano JV, Burmeister 
JA, Schenkein HA (2000) Evidence of a sub-
stantial genetic basis for risk of adult periodonti-
tis. J Periodontol 71(11):1699–1707. https://doi.
org/10.1902/jop.2000.71.11.1699

Molitor A, Prud’homme T, Miao Z, Conrad S, Bloch- 
Zupan A, Pichot A, Hanauer A, Isidor B, Bahram S, 
Carapito R (2019) Exome sequencing identifies a 
novel missense variant in ctsc causing nonsyndromic 
aggressive periodontitis. J Hum Genet 64(7):689–694

11 Complementary Experimental Methods in Genetics Open Up New Avenues of Research to Elucidate…

https://doi.org/10.1002/humu.10314
https://doi.org/10.1111/jcpe.12437
https://doi.org/10.1038/ng.3874
https://doi.org/10.1038/ng.3874
https://doi.org/10.1007/s00335-008-9113-1
https://doi.org/10.1007/s00335-008-9113-1
https://doi.org/10.1371/journal.pone.0058599
https://doi.org/10.1371/journal.pone.0058599
https://doi.org/10.1113/jphysiol.2011.222091
https://doi.org/10.1113/jphysiol.2011.222091
https://doi.org/10.1186/1471-2164-14-719
https://doi.org/10.1186/1471-2164-14-719
https://doi.org/10.1111/j.1600-0757.2005.00136.x
https://doi.org/10.1155/2010/324719
https://doi.org/10.1038/s41579-018-0089-x
https://doi.org/10.1038/s41579-018-0089-x
https://doi.org/10.1111/j.1600-051X.2009.01415.x
https://doi.org/10.1111/j.1600-051X.2009.01415.x
https://doi.org/10.1016/j.coi.2010.10.004
https://doi.org/10.1016/j.coi.2010.10.004
https://doi.org/10.1161/CIR.0b013e31825719f3
https://doi.org/10.1056/NEJMra0905980
https://doi.org/10.1056/NEJMra0905980
https://doi.org/10.1177/0022034513490168
https://doi.org/10.1002/ajpa.20831
https://doi.org/10.1902/jop.2000.71.11.1699
https://doi.org/10.1902/jop.2000.71.11.1699


226

Munz M, Richter GM, Loos BG, Jepsen S, Divaris K, 
Offenbacher S, Teumer A, Holtfreter B, Kocher T, 
Bruckmann C, Jockel-Schneider Y, Graetz C, Ahmad 
I, Staufenbiel I, van der Velde N, Uitterlinden AG, de 
Groot L, Wellmann J, Berger K, Krone B, Hoffmann P, 
Laudes M, Lieb W, Franke A, Erdmann J, Dommisch 
H, Schaefer AS (2019) Meta-analysis of genome- 
wide association studies of aggressive and chronic 
periodontitis identifies two novel risk loci. Eur J 
Hum Genet 27(1):102–113. https://doi.org/10.1038/
s41431- 018- 0265- 5

Munz M, Richter GM, Loos BG, Jepsen S, Divaris K, 
Offenbacher S, Teumer A, Holtfreter B, Kocher T, 
Bruckmann C, Jockel-Schneider Y, Graetz C, Munoz 
L, Bhandari A, Tennstedt S, Staufenbiel I, van der 
Velde N, Uitterlinden AG, de Groot L, Wellmann J, 
Berger K, Krone B, Hoffmann P, Laudes M, Lieb W, 
Franke A, Dommisch H, Erdmann J, Schaefer AS 
(2018) Genome-wide association meta-analysis of 
coronary artery disease and periodontitis reveals a 
novel shared risk locus. Sci Rep 8(1):13678. https://
doi.org/10.1038/s41598- 018- 31980- 8

Munz M, Willenborg C, Richter GM, Jockel-Schneider 
Y, Graetz C, Staufenbiel I, Wellmann J, Berger 
K, Krone B, Hoffmann P, Velde NV, Uitterlinden 
AG, Groot L, Sawalha A, Direskeneli H, Saruhan- 
Direskeneli G, Guzeldemir-Akcakanat E, Keceli G, 
Laudes M, Noack B, Teumer A, Holtfreter B, Kocher 
T, Eickholz P, Meyle J, Doerfer C, Bruckmann C, Lieb 
W, Franke A, Schreiber S, Nohutcu RM, Erdmann 
J, Loos BG, Jepsen S, Dommisch H, Schaefer AS 
(2017) A genome-wide association study identifies 
nucleotide variants at SIGLEC5 and DEFA1A3 as 
risk loci for periodontitis. Hum Mol Genet. https://doi.
org/10.1093/hmg/ddx151

Nesse RM, Stein DJ (2012) Towards a genuinely medi-
cal model for psychiatric nosology. BMC Med 10:5. 
https://doi.org/10.1186/1741- 7015- 10- 5

Nibali L, Bayliss-Chapman J, Almofareh SA, 
Zhou Y, Divaris K, Vieira AR (2019) What is 
the heritability of periodontitis? A systematic 
review. J Dent Res 98(6):632–641. https://doi.
org/10.1177/0022034519842510

Nibali L, Donos N, Henderson B (2009) Periodontal infec-
togenomics. J Med Microbiol 58(Pt 10):1269–1274. 
doi:jmm.0.012021-0 [pii]. https://doi.org/10.1099/
jmm.0.012021- 0

Nibali L, Henderson B, Sadiq ST, Donos N (2014) Genetic 
dysbiosis: the role of microbial insults in chronic 
inflammatory diseases. J Oral Microbiol 6. https://doi.
org/10.3402/jom.v6.22962 22962 [pii]

Piegorsch WW, Weinberg CR, Taylor JA (1994) Non- 
hierarchical logistic models and case-only designs 
for assessing susceptibility in population-based case- 
control studies. Stat Med 13(2):153–162

Rivas MA, Beaudoin M, Gardet A, Stevens C, Sharma Y, 
Zhang CK, Boucher G, Ripke S, Ellinghaus D, Burtt 
N et al (2011) Deep resequencing of gwas loci identi-
fies independent rare variants associated with inflam-
matory bowel disease. Nat Genet 43(11):1066–1073

Sanders AE, Sofer T, Wong Q, Kerr KF, Agler C, Shaffer 
JR, Beck JD, Offenbacher S, Salazar CR, North KE 
et al (2016) Chronic periodontitis genome-wide asso-
ciation study in the hispanic community health study/
study of latinos. J Dent Res 96(1):64–72. https://doi.
org/10.1177/0022034516664509

Shaffer JR, Polk DE, Wang X, Feingold E, Weeks DE, 
Lee MK, Cuenco KT, Weyant RJ, Crout RJ, McNeil 
DW et  al (2014) Genome-wide association study of 
periodontal health measured by probing depth in 
adults ages 18–49 years. G3 (Bethesda) 4(2):307–314

Shimizu S, Momozawa Y, Takahashi A, Nagasawa T, 
Ashikawa K, Terada Y, Izumi Y, Kobayashi H, Tsuji 
M, Kubo M et al (2015) A genome-wide association 
study of periodontitis in a japanese population. J Dent 
Res 94(4):555–561

Shungin D, Cornelis MC, Divaris K, Holtfreter B, Shaffer 
JR, Yu YH, Barros SP, Beck JD, Biffar R, Boerwinkle 
EA, Crout RJ, Ganna A, Hallmans G, Hindy G, Hu 
FB, Kraft P, McNeil DW, Melander O, Moss KL, 
North KE, Orho-Melander M, Pedersen NL, Ridker 
PM, Rimm EB, Rose LM, Rukh G, Teumer A, Weyant 
RJ, Chasman DI, Joshipura K, Kocher T, Magnusson 
PK, Marazita ML, Nilsson P, Offenbacher S, Davey 
Smith G, Lundberg P, Palmer TM, Timpson NJ, 
Johansson I, Franks PW (2015) Using genetics to test 
the causal relationship of total adiposity and periodon-
titis: Mendelian randomization analyses in the Gene- 
Lifestyle Interactions and Dental Endpoints (GLIDE) 
Consortium. Int J Epidemiol 44(2):638–650. https://
doi.org/10.1093/ije/dyv075

Shungin D, Haworth S, Divaris K, Agler CS, Kamatani 
Y, Keun Lee M, Grinde K, Hindy G, Alaraudanjoki V, 
Pesonen P, Teumer A, Holtfreter B, Sakaue S, Hirata 
J, Yu YH, Ridker PM, Giulianini F, Chasman DI, 
Magnusson PKE, Sudo T, Okada Y, Volker U, Kocher 
T, Anttonen V, Laitala ML, Orho-Melander M, Sofer T, 
Shaffer JR, Vieira A, Marazita ML, Kubo M, Furuichi 
Y, North KE, Offenbacher S, Ingelsson E, Franks PW, 
Timpson NJ, Johansson I (2019) Genome-wide analy-
sis of dental caries and periodontitis combining clini-
cal and self-reported data. Nat Commun 10(1):2773. 
https://doi.org/10.1038/s41467- 019- 10630- 1

Shusterman A, Munz M, Richter G, Jepsen S, Lieb W, 
Krone B, Hoffman P, Laudes M, Wellmann J, Berger 
K, Kocher T, Offenbacher S, Divaris K, Franke A, 
Schreiber S, Dommisch H, Weiss E, Schaefer AS, 
Houri-Haddad Y, Iraqi FA (2017) The PF4/PPBP/
CXCL5 gene cluster is associated with periodon-
titis. J Dent Res:22034517706311. https://doi.
org/10.1177/0022034517706311

Sivakumaran S, Agakov F, Theodoratou E, Prendergast 
JG, Zgaga L, Manolio T, Rudan I, McKeigue P, 
Wilson JF, Campbell H (2011) Abundant pleiotropy 
in human complex diseases and traits. Am J Hum 
Genet 89(5):607–618. https://doi.org/10.1016/j.
ajhg.2011.10.004. S0002-9297(11)00438-1 [pii]

Sudo T, Okada Y, Ozaki K, Urayama K, Kanai M, 
Kobayashi H, Gokyu M, Izumi Y, Tanaka T (2017) 
Association of nod2 mutations with aggressive peri-
odontitis. J Dent Res 96(10):1100–1105

A. S. Schaefer

https://doi.org/10.1038/s41431-018-0265-5
https://doi.org/10.1038/s41431-018-0265-5
https://doi.org/10.1038/s41598-018-31980-8
https://doi.org/10.1038/s41598-018-31980-8
https://doi.org/10.1093/hmg/ddx151
https://doi.org/10.1093/hmg/ddx151
https://doi.org/10.1186/1741-7015-10-5
https://doi.org/10.1177/0022034519842510
https://doi.org/10.1177/0022034519842510
https://doi.org/10.1099/jmm.0.012021-0
https://doi.org/10.1099/jmm.0.012021-0
https://doi.org/10.3402/jom.v6.22962
https://doi.org/10.3402/jom.v6.22962
https://doi.org/10.1177/0022034516664509
https://doi.org/10.1177/0022034516664509
https://doi.org/10.1093/ije/dyv075
https://doi.org/10.1093/ije/dyv075
https://doi.org/10.1038/s41467-019-10630-1
https://doi.org/10.1177/0022034517706311
https://doi.org/10.1177/0022034517706311
https://doi.org/10.1016/j.ajhg.2011.10.004
https://doi.org/10.1016/j.ajhg.2011.10.004


227

Sutherland MK, Geoghegan JC, Yu C, Winkler DG, 
Latham JA (2004) Unique regulation of SOST, the 
sclerosteosis gene, by BMPs and steroid hormones in 
human osteoblasts. Bone 35(2):448–454. https://doi.
org/10.1016/j.bone.2004.04.019

Teumer A, Holtfreter B, Volker U, Petersmann A, 
Nauck M, Biffar R, Volzke H, Kroemer HK, Meisel 
P, Homuth G et  al (2013) Genome-wide association 
study of chronic periodontitis in a general german 
population. J Clin Periodontol 40(11):977–985

Timpson NJ, Greenwood CMT, Soranzo N, Lawson DJ, 
Richards JB (2018) Genetic architecture: the shape 
of the genetic contribution to human traits and dis-
ease. Nat Rev Genet 19(2):110–124. https://doi.
org/10.1038/nrg.2017.101

Tonetti MS, Claffey N, European Workshop in 
Periodontology group C (2005) Advances in the pro-
gression of periodontitis and proposal of definitions 
of a periodontitis case and disease progression for 
use in risk factor research. Group C consensus report 
of the 5th European Workshop in Periodontology. J 
Clin Periodontol 32(Suppl 6):210–213. https://doi.
org/10.1111/j.1600- 051X.2005.00822.x

van Bezooijen RL, Roelen BA, Visser A, van der Wee- 
Pals L, de Wilt E, Karperien M, Hamersma H, 
Papapoulos SE, ten Dijke P, Lowik CW (2004) 
Sclerostin is an osteocyte-expressed negative regulator 
of bone formation, but not a classical BMP antagonist. 
J Exp Med 199(6):805–814. https://doi.org/10.1084/
jem.20031454

Watanabe K, Stringer S, Frei O, Umicevic Mirkov M, de 
Leeuw C, Polderman TJC, van der Sluis S, Andreassen 
OA, Neale BM, Posthuma D (2019) A global over-
view of pleiotropy and genetic architecture in com-
plex traits. Nat Genet 51(9):1339–1348. https://doi.
org/10.1038/s41588- 019- 0481- 0

Wilkening S, Chen B, Bermejo JL, Canzian F (2009)  
Is there still a need for candidate gene approaches  
in the era of genome-wide association studies? 
Genomics

Winkler DG, Sutherland MK, Geoghegan JC, Yu C, Hayes 
T, Skonier JE, Shpektor D, Jonas M, Kovacevich BR, 
Staehling-Hampton K, Appleby M, Brunkow ME, 
Latham JA (2003) Osteocyte control of bone forma-
tion via sclerostin, a novel BMP antagonist. EMBO 
J 22(23):6267–6276. https://doi.org/10.1093/emboj/
cdg599

Wray NR, Yang J, Goddard ME, Visscher PM (2010) The 
genetic interpretation of area under the ROC curve in 
genomic profiling. PLoS Genet 6:e1000864. https://
doi.org/10.1371/journal.pgen.1000864

Yong SY, Raben TG, Lello L, Hsu SDH (2020) Genetic 
architecture of complex traits and disease risk predic-
tors. Sci Rep 10(1):12055. https://doi.org/10.1038/
s41598- 020- 68881- 8

Yost S, Duran-Pinedo AE, Krishnan K, Frias-Lopez 
J (2017) Potassium is a key signal in host- 
microbiome dysbiosis in periodontitis. PLoS Pathog 
13(6):e1006457. https://doi.org/10.1371/journal.
ppat.1006457

11 Complementary Experimental Methods in Genetics Open Up New Avenues of Research to Elucidate…

https://doi.org/10.1016/j.bone.2004.04.019
https://doi.org/10.1016/j.bone.2004.04.019
https://doi.org/10.1038/nrg.2017.101
https://doi.org/10.1038/nrg.2017.101
https://doi.org/10.1111/j.1600-051X.2005.00822.x
https://doi.org/10.1111/j.1600-051X.2005.00822.x
https://doi.org/10.1084/jem.20031454
https://doi.org/10.1084/jem.20031454
https://doi.org/10.1038/s41588-019-0481-0
https://doi.org/10.1038/s41588-019-0481-0
https://doi.org/10.1093/emboj/cdg599
https://doi.org/10.1093/emboj/cdg599
https://doi.org/10.1371/journal.pgen.1000864
https://doi.org/10.1371/journal.pgen.1000864
https://doi.org/10.1038/s41598-020-68881-8
https://doi.org/10.1038/s41598-020-68881-8
https://doi.org/10.1371/journal.ppat.1006457
https://doi.org/10.1371/journal.ppat.1006457


Part III

Periodontitis-Associated Conditions



231© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 
J. Santi-Rocca (ed.), Periodontitis, Advances in Experimental Medicine and Biology 1373, 
https://doi.org/10.1007/978-3-030-96881-6_12

Update on the Bidirectional Link 
Between Diabetes 
and Periodontitis

Leila Salhi and Michèle Reners

Abstract

Aim: To provide an update on the evidence on 
the bidirectional relationship between peri-
odontitis and diabetes.

Methods: This narrative review was 
focused on recent studies between 2015 and 
2020. The literature search was performed on 
PubMed. The inclusion criteria were system-
atic reviews, consensus reports and controlled 
trials assessing the effect of diabetes on peri-
odontitis, the effect of periodontitis on diabe-
tes, and the influence of periodontitis 
non-surgical treatment on diabetes.

Results: Data concerning the influence of 
periodontitis on diabetes, and the influence of 
diabetes on periodontitis were summarized in 
descriptive tables.

Conclusion: The control of hyperglycemia 
in the prevention of periodontitis and the con-
trol of periodontitis systemic inflammation in 
the prevention of diabetes, should be take into 
account in the treatment planning of both 
diseases.
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12.1  Introduction

According to the world health organization 
(WHO), diabetes is a chronic metabolic disease 
that affects more than 422 million of adults 
worldwide (Tonetti et al. 2013), including 59.3 
million of European people aged from 
20–79 years (Atlas 2019). This global epidemic 
disease occurs when the pancreas fails to pro-
duce enough insulin or, when the body becomes 
resistant to insulin. Both of these conditions are 
characterized by hyperglycemia in the blood 
with a decrease of glucose storage in the liver, 
but also a limited use of glucose by other cells 
and organs as retina, heart and kidney. 
Additionally, hyperglycemia induces the expres-
sion of the vascular endothelial growth factors 
(VEGF), advanced glycation endproducts 
(AGEs), and oxidative stress (Nardi et al. 2020) 
that negatively impair the microvascularisation 
and increase the risk of diabetes complications. 
The adverse events involved in the disease con-
cern microvascular complications (retinopathy, 
nephropathy and neuropathy), macrovascular 
complications (coronary artery disease, periph-
eral arterial disease and stroke)(Skyler et  al. 
2017). Additionally, during pregnancy, gesta-
tional diabetes can provoke eclampsia with pre-
term birth and baby with low birth weight 
(Tonetti et al. 2013; Atlas 2019). Besides, diabe-
tes has been widely associated with the increase 
of sensibility to infection (foot ulcers) (Alavi 
et al. 2014; Everett and Mathioudakis 2018) and 
periodontal disease (Preshaw and Bissett 2013, 
2019).

Periodontitis is a chronic inflammatory dis-
ease characterized by gram negative bacteria 
organized in a dental plaque biofilm within 
microbial dysbiosis leads to a chronic non- 
resolving and destructive inflammatory response 
(Jepsen et  al. 2017; Meyle and Chapple 2015) 
that induces local inflammation and progressive 
destruction of the supporting tissues around 
teeth (Meyle and Chapple 2015; Schenkein 
2006; Haffajee and Socransky 1994; Amano 
2010a, b). Approximately 50% of the adult pop-
ulation suffers from this chronic disease (Eke 

Highlights

Periodontitis and diabetes presented bidi-
rectional influence:

• People with diabetes have an increased 
risk for periodontitis prevalence and 
tooth loss;

• People with periodontitis have an 
increased risk for systemic inflamma-
tion and diabetes onset.

The treatment of periodontitis reduces 
HBA1c, CRP, TNF-α, IL-6 level, contribut-
ing to the control of diabetes of glycemia 
and prevent further complications.

Considerations For Practice

• All diabetic patients should be screened 
for periodontal disease and should 
receive information about how to pre-
vent and to treat periodontal disease

• It might be relevant, for patients with 
poor response after periodontal treat-
ment, to propose the screening of diabe-
tes by their doctor.

• The periodontal non-surgical treatment 
lead, after 3  months, to a significant 
decrease of HBA1c

Patient Summary

A good oral health contributes to a better 
control of diabetes.

A well-controlled diabetes contributes 
to oral health and avoid periodontitis. 
Prevention is the best way to keep diseases 
away.

Regularly visit your doctor and your 
dental practitioner for screening diabetes 
and periodontal disease.

L. Salhi and M. Reners
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et  al. 2016), and severe periodontitis affects 
11.2% of the population (Kassebaum et  al. 
2014). Moreover, due to mastication and tooth 
brushing, the periodontal pathogens or/and their 
sub-products (SPs) are able to disseminate 
(Forner et al. 2006) from the pocket depth to the 
blood circulation, inducing a systemic inflam-
mation with an extra-oral metastatic infection 
(Van Dyke and van Winkelhoff 2013; Loos 
2005; Chapple et  al. 2013; Szulc et  al. 2015; 
Tonetti et al. 2013; Mealey 1999; van Winkelhoff 
and Slots 1999). This pathway contributes to the 
relationship between periodontitis and chronic 
non-communicable diseases as cardiovascular 
diseases and diabetes (Chapple et  al. 2013; 
Tonetti et al. 2013; Sanz et al. 2018; Salhi et al. 
2019; Salhi et al. 2020).

Periodontitis and diabetes are two associated 
diseases with a well-described bidirectional 
influence (Preshaw and Bissett 2019; Sanz et al. 
2018; Preshaw et  al. 2012; Kumar et  al. 2014; 
Taylor 2001). This review aims to support the 
bidirectional influence of these two diseases.

12.2  Method

This narrative review was focused on recent stud-
ies between 2015 and 2020. The literature search 
was performed on PubMed, and inclusion criteria 
were systematic reviews, consensus reports and 
controlled trials assessing the relationship 
between periodontitis and diabetes, and the influ-
ence of periodontitis non-surgical treatment on 
diabetes.

12.3  Results

This narrative review aims to highlight the 
updated literature on the bidirectional link 
between periodontitis and diabetes. Three ques-
tions were asked: (1) what is the effect of diabetes 
on periodontitis?, (2) what is the effect of peri-
odontitis on diabetes?, and (3) what is the effect of 
periodontal non-surgical treatment on diabetes? 
The above-described search were  summarized 
respectively in Tables 12.1, 12.2 and 12.3.

Table 12.1 Effect of diabetes on periodontitis

Authors Study design Conclusion
Dicembrini et al. 
(2020)

Systematic review on 5 studies T1DM is a relevant risk factor for the 
development of PD. The prevalence of PD in type 
1 diabetes was 18.5%

Nardi et al. (2020) Systematic review on 8 studies The microvasculature of the periodontium is 
affected in diabetic patients towards the 
overexpression of VEGF

Herrmann et al. 
(2019)

Controlled study on 20 patients with 
chronic periodontitis
T2DM + CP patients with type 2
diabetes mellitus and chronic 
periodontitis; CP: Systemically healthy 
participants with chronic periodontit
  Patients with type 2 diabetes
  Systemically healthy patients

Overexpression of PMN’s in patients with T2DM

Sanz et al. (2018) Consensus report Poor glycaemic control in diabetes is associated 
with poorer periodontal status and outcomes

Nascimento et al. 
(2018)

Systematic review and meta-analysis 
on 13 studies

Diabetes increased the risk of incidence or 
progression of periodontitis by 86% (RR 1.86 
[95% CI 1.3–2.8])

Chapple et al. (2017) Consensus report Hyperglycaemia drives oxidative stress and 
advanced glycation end-pro-ducts that can trigger 
a hyper inflammatory state and periodontitis

T1DM type 1 diabetes mellitus, T2DM type 2 diabetes mellitus, PD periodontal disease, VEGF vascular endothelial 
growth factors, PMN’s polymorphonuclear leucocytes
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Table 12.2 Effect of periodontitis on diabetes

Authors Study design Conclusion
Jensen et al. 
(2020)

Systematic review and 
meta- analysis on 23 
studies

Risk markers for periodontal disease, PI, GI, BOP, PD and CAL were 
found to be more pronounced among children and adolescents with 
T1DM compared to healthy control

Rapone et al. 
(2020)

Systematic review and 
meta- analysis on 10 
studies

PI and GI parameters affects the impacts of uncontrolled diabetes

Nguyen et al. 
(2020)

Systematic review on 14 
studies

Higher risks for diabetic (p < 0.001)
  Retinopathy (odds ratios -OD: 2.8–8.7)
  Neuropathy (OD: 3.2–6.6)
  Nephropathy (OD: 1.9–8.5)
  Cardiovascular complications (OD: 1.28–17.7)

Graziani 
et al. (2018)

Systematic review and 
meta- analysis on 20 
studies

Periodontitis has a significant impact on the control, the incidence and 
the complications of diabetes. The hazar ratio (HR) to develop diabetes 
in periodontitis compromised patient is 1.29; 95% CI, 1.11–1.46, 
p < .0001)

ZiuKaite 
et al. (2018)

Systematic review and 
meta- analysis on 27 
studies

Periodontitis influence both the prevalence and odds of having diabetes

Sanz et al. 
(2018)

Consensus report Periodontitis is associated with dysglycaemia and increased insulin 
resistance in people with diabetes, as well as increased risk for incident 
diabetes and diabetes complications

Abariga et al. 
(2016)

Systematic review and 
meta- analysis on 10 
studies

periodontitis is associated with a significant increased risk for 
gestational diabetes mellitus compared to women without periodontitis

PI plaque index, GI gingival index, BOP bleeding on probing, PD pocket depth and CAL clinical attachment loss

Table 12.3 Effect of periodontal non-surgical treatment on diabetes

Authors Study design Conclusion
Baeza et al. 
(2020)

Systematic review and meta-
analysis on 9 studies

Scaling and root planing reduces the blood concentration of 
HbA1c and CRP (p < 0.01).

El-Makaky 
et al. (2019)

RCT on 88 patients with chronic 
periodontitis and uncontrolled 
diabetes

Non-surgical periodontal treatment reduces the level of 
HbA1c (p < 0.001)

Cao et al. 
(2019)

Systematic review and meta-
analysis on 14 studies

Periodontal treatment induces the decrease of the HbA1c% 
in T2DM

Garde et al. 
(2019)

Systematic review and meta-
analysis on 7 studies

Periodontal therapy induces the changes of total cholesterol 
and triglycerides levels in patients with type 2 DM

Nishioka et al. 
(2019)

RCT on 74 patients with 
borderline T2DM

After periodontal therapy, lower BOP (%) is associated with 
significant improvements in fasting serum insulin

Lima et al. 
(2019)

Systematic review on 15 studies Periodontal therapy has beneficial effects on the level of 
IL-6

Sanz et al. 
(2018)

Consensus report Periodontal therapy improves serum HbA1C levels

D’Aiuto et al. 
2018

RCT on 264 patients with T2DM After periodontal treatment, the HbA1c was 0⋅6% (95% CI 
0⋅3–0⋅9; p < 0.0001) lower in the test group than in control

Kocher 
et al.2019

Prospective controlled study on 
Periodontitis patients
  With normal HbA1c
  Prediabetes
  Unknown diabetes

Non-surgical periodontal treatment leads to the decrease of 
HbA1c in pre-diabetic patients from 5.9% (95% CI, 5.9% to 
6.0%) to 5.4% (95% CI, 5.3% to 5.5%)

Tsobgny- 
Tsague et al. 
(2018)

RCT on 30 patients with T2DM Non-surgical periodontal treatment induced a reduction of 
HbA1c levels from 9.7 ± 1.6% at baseline to 6.7 ± 2.0% 
3 months after NSPT (p ˂ 0.001)

(continued)
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12.3.1  Effect of Diabetes 
on Periodontitis

The effect of diabetes on periodontitis is summa-
rized in Table  12.1. Recent systematic reviews 
(Nguyen et  al. 2020; Dicembrini et  al. 2020; 
Nascimento et  al. 2018), controlled prospective 
trials (Herrmann et  al. 2020) and consensus 
reports (Sanz et  al. 2018; Chapple et  al. 2017) 
highlighted that diabetes impairs periodontitis. 
Diabetes significantly increased the incidence 
(Dicembrini et al. 2020; Nascimento et al. 2018) 
and the progression of periodontitis with a rela-
tive risk (RR) of 1.86 ([95% CI 1.3–2.8]) 
(Nascimento et  al. 2018). Indeed, diabetic 
patients harbored significantly worst periodontal 
status with lower outcomes than healthy patients 
(Sanz et  al. 2018; Dicembrini et  al. 2020). 
Furthermore, the pathophysiological processes 
involved in the relationship, were mechanisms 
that trigger hyper inflammatory state and peri-
odontitis, as the impairment of microvasculature 
(Nascimento et al. 2018), the over-expression of 
PMN’S (Herrmann et al. 2020), oxidative stress 
and the advanced glycation end-products 
(Chapple et al. 2017).

12.3.2  Effect of Periodontitis 
on Diabetes

The effect of periodontitis on diabetes is sum-
marized in Table  12.2. Recent systematic 
reviews with meta-analysis (Jensen et al. 2021; 
Rapone et al. 2020; Nguyen et al. 2020; Graziani 
et  al. 2018; Ziukaite et  al. 2018; Abariga and 
Whitcomb 2016), consensus report (Sanz et al. 
2018) confirm that periodontitis impairs diabe-
tes. Periodontitis, with associated risk markers 
(Jensen et  al. 2021; Rapone et  al. 2020) as 
plaque index, probing depth, gingival index, 
impairs both the incidence (Graziani et al. 2018; 
Ziukaite et  al. 2018) and the complications of 
diabetes (Sanz et al. 2018; Nguyen et al. 2020; 
Graziani et al. 2018). Patients with periodontitis 
present significant higher risk of developing 
diabetes with a hazard ratio (HR) of 1.29; 95% 
CI, 1.11–1.46, p < .0001 (Graziani et al. 2018).
The dysregulation of glycemia and the increased 
insulin were the mechanisms involved in the 
relation of periodontitis on diabetes (Sanz et al. 
2018).

Table 12.3 (continued)

Authors Study design Conclusion
Madianos et al. 
(2017)

Meta-analysis of 7 RCT Reduction in HbA1c at 3–4 months was reported ranging 
from −0.27% (95% CI: −0.46, −0.07, p = 0.007) to −1.03% 
(95% CI: 0.36, −1.70, p = 0.003)

Mauri- 
Obradors et al. 
(2017)

RCT on 90 patients with T2DM Non-surgical periodontal treatment induced a reduction of 
HbA1c levels (p < 0.05)

Mizuno et al. 
(2017)

RCT on 40 patients with T2DM Non-surgical periodontal treatment improved systemic 
oxidative stress

Hasuike et al. 
(2017)

Systematic review and meta-
analysis on 13 studies

Periodontal treatment in diabetic patients reduces the level 
of HbA1c

Simpson et al. 
(2015)

Systematic review on 34 studies Periodontal therapy leads to the reduction in HbA1c 
(p = 0.003).

Artese et al. 
(2015)

Systematic review on 9 studies Periodontal treatment leads to a significant decrease of both 
TNF- α and CRP level (p < 0.001)

Kaur et al. 
(2015)

RCT on 100 patients with T2DM. Non-surgical periodontal therapy improved glycemic 
control, with the decrease of HbA1c decreased by 10.8%

RCT randomized controlled trial, HbA1 haemoglobin A1c or glycated haemoglobin, TNF tumor necrosis factor, CRP C 
reactive protein
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12.3.3  Effect of Periodontal Non- 
surgical Treatment 
on Diabetes

The effect of periodontal non-surgical treatment 
on diabetes is summarized in Table 12.3. Recent 
systematic reviews with meta-analysis (Baeza 
et al. 2020; Cao et al. 2019; Lima et al. 2019; 
Garde et al. 2019; Madianos and Koromantzos 
2018; Hasuike et al. 2017; Simpson et al. 2015; 
Artese et al. 2015), randomized controlled trials 
(Kaur et  al. 2015; Mizuno et  al. 2017; Mauri- 
Obradors et  al. 2018; Tsobgny-Tsague et  al. 
2018; D’Aiuto et al. 2018; Nishioka et al. 2019; 
El-Makaky and Shalaby 2020), controlled pro-
spective trials (Kocher et al. 2019) and consen-
sus report (Sanz et al. 2018) confirm the positive 
effect of periodontal non-surgical treatment 
(PNST) on diabetic outcomes. Among assessed 
parameters, PNST significantly decreased the 
blood concentration of glycated haemoglobin 
(HbA1c) (Sanz et  al. 2018; Baeza et  al. 2020; 
Cao et  al. 2019; Madianos and Koromantzos 
2018; Hasuike et al. 2017; Simpson et al. 2015; 
Kaur et  al. 2015; Tsobgny-Tsague et  al. 2018; 
D’Aiuto et  al. 2018; El-Makaky and Shalaby 
2020; Kocher et al. 2019; Mauri-Obradors et al. 
2015), total cholesterol, triglycerides (Garde 
et al. 2019) and insulin (Nishioka et al. 2019). 
Furthermore, the blood level of biomarkers 
related to inflammation (IL-6,TNF- α and CRP) 
(Baeza et  al. 2020; Lima et  al. 2019; Artese 
et al. 2010) and oxidative stress (Mizuno et al. 
2017) were also significantly decreased after 
PNST.

12.4  Discussion

Periodontitis and diabetes are two associated dis-
eases with a well-described bidirectional influ-
ence (Preshaw and Bissett 2019; Sanz et al. 2018; 
Preshaw et  al. 2012; Kumar et  al. 2014; Taylor 
2001). Nonetheless, distinction must be made 
between the tree categories of diabetes (Atlas 
2019). The type 1 diabetes mellitus (T1DM) 
occurs most frequently in children and young 
people with genetic and environmental factors. 

However, the increase of overweight and obesity 
in young people raise the prevalence of diabetes 
type 2 diabetes in this population. T1DM is char-
acterized by an autoimmune reaction that leads to 
the destruction of the insulin-producing beta cells 
of the pancreas (pancreatic islet cells) (Paschou 
et al. 2018). Indeed, the lymphocytes T recognize 
the B cells of the pancreas as non-self-cells, and 
therefore destroy them. As a result, a little quan-
tity or the absence of insulin is secreted (Paschou 
et al. 2018; Wang et al. 2019; Smith et al. 2017). 
Therefore, in order to maintain the appropriate 
blood level of glucose and to avoid the complica-
tions of diabetes, a daily injection of insulin is 
needed.

On the contrary, the type 2 diabetes mellitus 
(T2DM) occurs most frequently in elderly popu-
lation, with obesity being a major risk factor in 
addition to complex genetic and environmental 
etiology (Chan et al. 1994; Colditz et al. 1995). 
Furthermore, the increment of overweight, obe-
sity and sedentary lifestyle in young people 
increase the apparition of the disease in this pop-
ulation. T2DM is characterized by inadequate 
use of insulin from the body enhancing insulin 
resistance and leading to elevated levels of glu-
cose in blood (Atlas 2019).

Gestational diabetes happens to women with 
hyperglycemia during the beginning of preg-
nancy, but also to women presenting insufficient 
insulin secretion to overcome the diminished 
action of insulin due to hormone production by 
the placenta (Atlas 2019). Nevertheless, once 
hyperglycemia occurs, diabetic people present 
the same complications as the micro- and the 
macro-vascular complications (Skyler et  al. 
2017), the sensibility to infection (Alavi et  al. 
2014; Everett and Mathioudakis 2018), as well as 
periodontitis (Preshaw and Bissett 2013, 2019), 
but with different rate of progression (Skyler 
et al. 2017). Regarding patients with T2DM, they 
have higher risk to suffer from severe form of 
periodontitis (Genco and Borgnakke 2013; Albert 
et al. 2012; Lalla et al. 2006) (Table 12.1), and in 
the other way, patients with periodontitis pre-
sented a higher risk to develop T2DM (Demmer 
et al. 2008; Chapple et al. 2013; Borgnakke et al. 
2013) (Table 12.2).
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Diabetic patients present an increased risk of 
the incidence and the progression of periodontitis 
by 86% (Nascimento et al. 2018). As described in 
2017 (Chapple et  al. 2017) by the consensus 
report of the joint workshop the European 
Federation of Periodontology (EFP) and the 
European Organization for Caries Research 
(ORCA), the absence of the control of glycemia 
leads to hyperglycemia that enhance the expres-
sion of AGE-RAGE complex (Advanced 
Glycation Endproducts- Receptor for Advanced 
Glycation Endproducts) in periodontal tissues. 
Its expression triggers an hyper inflammatory 
state and promotes periodontitis. Subsequently, 
an elevation of proinflammatory mediators (PIM) 
such as TNF-α, IL-1βIL-6, NF-kβ, osteoprote-
gerin ratio (OPG), oxidative stress (ROS) and 
immune dysfunction as with the overexpression 
of the polymorphonuclear leucocytes (PMNs) 
(Herrmann et  al. 2020) occur that contribute to 
the destruction of connective tissue surrounding 
the teeth, and the progression of periodontitis 
(Sanz et  al. 2018; Nascimento et  al. 2018; 
Herrmann et al. 2020; Chapple et al. 2017; Polak 
and Shapira 2018). Additionally, the recent sys-
tematic review of Nardi et  al. (Chapple et  al. 
2017) supported that in diabetic patient, the 
microvasculature of periodontium is affected by 
the overexpression of vascular endothelial growth 
factor (VEGF) that enhances periodontitis 
 progression. As emphasized recently by the con-
sensus report by the International Diabetes 
Federation and the European Federation of 
Periodontology (Sanz et  al. 2018) poor glycae-
mic control is associated with poorer periodontal 
status and outcomes.

Furthermore, recent systematic reviews (Sanz 
et  al. 2018; Nguyen et  al. 2020; Graziani et  al. 
2018; Ziukaite et al. 2018) describe the influence 
of periodontitis on both the prevalence of diabe-
tes and the risk to develop further complications. 
Indeed, in patients affected by the disease, the 
presence of bacteria or their metabolites (LPS) 
induce the host secretion inside the bloodstream 
of pro-inflammatory cytokines (TNF-α, IL-6, 
CRP, oxygen radicals) involved in the increase of 

systemic inflammatory state and in the impair-
ment of insulin signaling and resistance (Sanz 
et  al. 2018; Graziani et  al. 2018; Polak and 
Shapira 2018). Therefore, as described in the 
recent consensus report and guidelines of the 
joint workshop on periodontal diseases and dia-
betes by the International Diabetes Federation 
(IDF) and the European Federation of 
Periodontology (EFP) (Sanz et  al. 2018), peri-
odontitis is associated with dysglycaemia and 
insulin resistance by increasing the HBA1c, and 
as a result, augmenting the risk of diabetes devel-
opment and its complications. Likewise, in the 
update of Polak et  al. 2017 (Polak and Shapira 
2018), it was underlined that periodontitis sys-
temic inflammation contributes to the under- 
controlled diabetes and its complications. 
Additionally, the periodontitis chronicity elicits 
cytokine sensitivity, contributing to the increase 
of diabetes (Sanz et al. 2018; Graziani et al. 2018; 
Polak and Shapira 2018) and, according to the 
recent systematic review of Nguyen et  al. 
(Nguyen et al. 2020), contribute to the long-term 
complications of diabetes, as retinopathy, neu-
ropathy, nephropathy and cardiovascular adverse 
events. Besides, as well-described, the periodon-
tal non-surgical treatment leads to significant 
decrease of blood biomarkers related to diabetes, 
as HBA1c, CRP, TNF-α, IL-6 (Cao et al. 2019; 
Garde et  al. 2019; Madianos and Koromantzos 
2018; El-Makaky and Shalaby 2020; Kocher 
et al. 2019). These clinical observations support 
both the negative effect of periodontitis on diabe-
tes and the positive effect of periodontitis treat-
ment on diabetes (Tables 12.2 and 12.3).

12.5  Conclusion

This review supports the bidirectional link 
between diabetes and periodontitis. Furthermore, 
it is relevant to bring in light the role of the pre-
vention and the control of hyperglycemia in the 
prevention of periodontitis, and the control of 
periodontitis systemic inflammation in the pre-
vention of diabetes.
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Abstract

Periodontitis and Alzheimer’s disease (AD) 
exist globally within the adult population. 
Given that the risk of AD incidence doubles 
within 10 years from the time of periodontal 
disease diagnosis, there is a window of oppor-
tunity for slowing down or preventing AD by 
risk-reduction-based intervention. Literature 
appraisal on the shared risk factors of these 
diseases suggests a shift to a healthy lifestyle 
would be beneficial. Generalised (chronic) 
periodontitis with an established dysbiotic 
polymicrobial aetiology affects the tooth sup-
porting tissues with eventual tooth loss. The 
cause of AD remains unknown, however two 
neurohistopathological lesions – amyloid-beta 
plaques and neurofibrillary tangles, together 
with the clinical history, provide AD diagnosis 
at autopsy. Historically, prominence was given 
to the two hallmark lesions but now emphasis 
is placed on cerebral inflammation and what 
triggers it. Low socioeconomic status pro-
motes poor lifestyles that compromise oral 

and personal hygiene along with reliance on 
poor dietary intake. Taken together with 
advancing age and a declining immune pro-
tection, these risk factors may negatively 
impact on periodontitis and AD. These factors 
also provide a tangible solution to controlling 
pathogenic bacteria indigenous to the oral and 
gastrointestinal tract microbioes in vulnerable 
subjects. The focus here is on Porphyromonas 
gingivalis, one of several important bacterial 
pathogens associated with both periodontitis 
and AD. Recent research has enabled advances 
in our knowledge of the armoury of P. gingi-
valis via reproduction of all clinical and neu-
ropathological hallmark lesions of AD and 
chronic periodontal disease in  vitro and 
in vivo experimental models, thus paving the 
way for better future management.
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APOE є4 apolipoprotein E, allele 4
ApoE−/− apolipoprotein knockout
APP amyloid precursor protein
APP-Tg APP-transgenic
ARUK Alzheimer’s Research UK
Aβ Amyloid-beta
C9/C1q and C1s complement component/

sub-complement
CR1 complement receptor 1
DNA deoxyribonucleic acid
ELISA enzyme-linked 

immunoassay
GI gastrointestinal tract
GWAS Genome-Wide-Association 

Studies
IL interleukins
IL-1R interleukin-1 receptor
LPS lipopolysaccharide
NFTs neurofibrillary tangles
NF-ϰB nuclear factor kappaB
NIH National Institutes of Health
NSAIDs Non-Steroidal Inflammatory 

Drugs
OMVs outer membrane vesicles
PG prostaglandin
PHF paired helical filaments
RT-PCR reverse transcriptase-polym-

perase chain reaction
TLRs toll-like receptors
TNFα tumour necrosis factor-α

Patient Summary

Dentists understand that maintaining a 
healthy mouth contributes to maintaining a 
healthy body. Research suggests that peri-
odontal disease can lead to the develop-
ment and progression of AD. Patients 
should be aware of all modifiable risk fac-
tors which have been linked to AD, includ-
ing their oral health and the lifestyle 
choices they make. The onus comes down 
to the dental profession to deliver this pre-
ventative advice to their patients. It is 
imperative to maintain gingival health and 
make healthy lifestyle choices to not only 
to reduce their risk of AD but also to delay 
the onset, in susceptible individuals.

Considerations for Practice

• To deliver personalised preventative 
advice to patients, not only with regards 
to oral health, but also to healthy life-
style choices

• To maintain and stabilise periodontal 
disease in a bid to reduce or delay AD 
progression or development

• To risk assess each patient and deliver 
prevention and care accordingly in order 
to enable ‘successful ageing’ and reduce 
disease development in their patient 
base

Highlights

• Periodontal disease has been associated 
with the onset and progression of 
Alzheimer’s Disease, which causes irre-
versible cognitive and functional decline

• This chapter summarises the diverse 
range of evidence which implicates 
periodontal disease and its key patho-
gen, P. gingivalis, as a significant risk 
factor for AD

• The potential for prevention is high as 
the dental team can play an important 
role in preventing and/or delaying the 
development of AD by proactive man-
agement of periodontitis

• A drug COR388 targeting the P. gingi-
valis protease enzyme is a novel treat-
ment modality and may offer promising 
results, considering the number of failed 
AD therapeutic clinical trials
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13.1  Introduction

There is a growing body of evidence that sup-
ports oral (generalised periodontitis) and gastro-
intestinal (GI) tract dysbiosis as having a negative 
impact on mental health. Briefly, the enteric ner-
vous system supplies the brain with “psychobiot-
ics” (serotonin, dopamine and Gamma 
aminobutyric acid) courtesy of healthy gut bacte-
ria (Strandwitz 2018; Strandwitz et  al. 2019). 
Dysbiosis of the gut bacteria leads to a deficit of 
these neurotransmitters and causes anxiety and 
depression (Clapp et  al. 2017). Depression, in 
this context, may either be a risk factor or an 
early sign of dementia. Alzheimer’s disease (AD) 
being the most common example of dementia.

Shared features of generalised periodontitis 
and AD include a progressive, inflammatory dis-
ease pathway, and shared disease related risk fac-
tors including ageing, infection, 
immunosuppression, genetic predisposition and 
socioeconomic factors. This chapter will explain 
the dental hypothesis surrounding the associa-
tions made between periodontal disease and AD. 
The associations between generalised periodon-
tal disease and AD are evidenced by experimen-
tal research data and describe how the hypothesis 
that “periodontitis is a risk factor for AD” came 
about. The evidence to support this hypothesis is 
substantial, whilst studies supporting a causal 
relationship are in progress. The aim is to high-
light the risk factor involvement of generalised 
periodontal disease on AD development with a 
specific focus on Porphyromonas gingivalis, 
because this microbe is at the heart of current 
research, which suggests potential for much 
desired therapy.

13.2  Periodontal Disease

Periodontitis is an oral disease presenting with a 
polymicrobial dysbiosis of the subgingival 
microbiome, which, if left untreated, leads to 
tooth loss. P. gingivalis is considered a keystone 
pathogen of periodontal disease alongside its 
companion bacteria (Treponema denticola, 
Tannerella forsythia) of the red complex in adult 

periodontitis (Socransky et  al. 1998; Holt and 
Ebersole 2005; Hajishengallis et  al. 2012). 
Around 50% of all humans in middle age 
(50 years and over) appear to fall victim to peri-
odontitis (Eke et al. 2015). In the previous clas-
sification, the adult form of periodontitis was 
known as “chronic periodontitis”. However, a 
new classification (Caton et  al. 2018; Dietrich 
et  al. 2019) refers to the formerly known 
“chronic” periodontitis as generalised periodon-
titis stages I–IV, grades A–C. This is difficult to 
integrate into a story that appeals to dental and 
non-dental professionals so we will refer to 
“chronic periodontitis” as “generalised periodon-
titis” to be consistent with the new changes 
throughout this chapter.

The nature of periodontal disease is episodic 
with characteristic recurrent periods of active dis-
ease progression followed by periods of quies-
cence in individuals who are unable to prevent 
commensals (healthy microbiome) converting 
into pathogens (pathobiome) (Dioguardi et  al. 
2020). Periodontal disease affects the tooth sup-
porting tissues, and interaction of specific bacte-
ria and consequently the host’s immune responses 
play a pivotal role (Haffajee et  al. 1988). The 
host’s response to the pathogenic bacteria and 
their virulence factors such as lipopolysaccharide 
(LPS), proteases such as gingipains, fimbriae, 
hemagglutinins, and outer membrane vesicles 
(OMVs) determine the severity and extent of 
periodontal disease (Kinane and Marshall 2001; 
How et al. 2016). Bacterial LPS is located in the 
outer membrane of Gram-negative bacteria and is 
a potent stimulator of host innate immune signal 
transduction pathways (Beutler 2000). The acute 
bacterial challenge stimulates the junctional 
pocket epithelium to produce inflammatory 
mediators to protect against tissue damage via an 
acute phase receptor-mediated cytokine produc-
tion and neuropeptide release, resulting in vaso-
dilation of local vessels. Gingival bleeding, 
swelling and redness together with the presence 
of neutrophils and macrophages within the 
inflamed gingival tissues indicate clinical signs 
of inflammation (Hasturk et  al. 2012). In 
 susceptible individuals, the acute phase responses 
fail to clear infection and chronic inflammatory 
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lesions develop. The subgingival sulcus serves as 
a niche enabling a cyclic chronic inflammatory 
process, which facilitates recurrent bacteraemias, 
enabling micro-organisms and their virulence 
factors to access the systemic circulation (Forner 
et  al. 2006; Lockhart et  al. 2008; Bahrani-
Mougeot et  al. 2008). Each time we brush or 
chew on a periodontally-affected tooth, bacterae-
mia consisting of a spectrum of oral bacteria 
occurs. In any one day this bacteraemia can last 
for a total of 3 h (Bahrani-Mougeot et al. 2008; 
Tomás et al. 2012). In addition, viruses, bacterio-
phages, and yeasts within the periodontal pocket 
may follow the bacteria into the blood stream 
along with inflammatory mediators from the 
inflamed periodontal tissues (Olsen and Singhrao 
2015; Li et  al. 2020). From the blood stream 
these bacteria may be carried to wherever they 
lodge, potentially providing a nidus for further 
organ specific inflammatory pathologies. Thus, 
periodontal disease has been associated with a 
number of inflammatory pathologies, including 
cardiovascular disease, diabetes  and  AD 
(Makiura et al. 2008; Bale et al. 2017; Demmer 
et al. 2020; Stein et al. 2007; Poole et al. 2013; 
Dominy et al. 2019). Indeed, the cause of death in 
AD cases can result from cerebrovascular dis-
eases such as stroke and pneumonia suggesting a 
greater risk of dementia for individuals who have 
suffered multiple co- morbidities in their lives 
(van Oijen et al. 2007).

13.3  Alzheimer’s Disease (AD)

There are two main forms of AD; familial or 
early-onset form, which involves mutated genes 
such as amyloid precursor protein (APP) and pre-
senilin 1 and presenilin 2. In the sporadic or late- 
onset form of AD, Genome-Wide-Association 
Studies (GWAS) have identified a number of sus-
ceptibility genes expressed by the brain cells. Of 
these, the apolipoprotein E, allele 4 (APOE є4) is 
firmly established as the second strongest risk 
factor after advancing age (Corder et  al. 1993; 
Saunders et al. 1993). AD is a leading neurode-
generative disease with clinical signs of deterio-
rating memory, which together with its two 

neuropathological hallmark lesions, amyloid- 
beta (Aβ) and neurofibrillary tangles (NFTs), 
complete its post-mortem diagnosis (Hyman 
et al. 2012). Although not pathognomonic of AD, 
other lesions which present in AD pathophysiol-
ogy include neuronal and synaptic loss and glio-
sis (intracerebral inflammation) (Dugger and 
Dickson 2017). The origins and the roles of Aβ 
plaques and NFTs are quite distinct but they both 
lead to neurodegeneration within the associated 
regions of the cerebral cortex and medial tempo-
ral lobes. The hippocampus, by contrast, typi-
cally contains abundant intra-neuronal NFTs 
composed of abnormally phosphorylated tau pro-
tein representing destabilized microtubules that 
are non–membrane-bound masses of abnormal 
straight and/or paired helical filaments (PHF) 
(Grundke-Iqbal et al. 1986; Goedert et al. 2006). 
The NFTs were thought to first appear in the 
entorhinal cortex leading to the hippocampus, but 
this view has changed identifying early involve-
ment in the subcortical nuclei such as the locus 
coeruleus in the pons (Braak and Braak 1991; 
Braak et al. 2011).

The AD plaque is composed of an insoluble 
form of Aβ and continues to form the basis of the 
influential “Amyloid Cascade Hypothesis” 
(Hardy and Selkoe 2002). Molecular cloning 
methodologies identified Aβ as a cleavage frag-
ment of a single membrane-spanning receptor- 
like glycoprotein known as amyloid precursor 
protein (APP) that is inserted, in part, in the 
plasma membrane (Kang et al. 1987). APP also 
occurs in internal vesicular membranes, includ-
ing the Golgi apparatus and endosomes (Choi 
et al. 2012) as explained by Singhrao and Olsen 
(2019) in intracellular bacterial infections such as 
P. gingivalis. APP proteolytic cleavage involves 
three proteases, namely α-, β- and γ-secretases, 
the β- secretase acts with γ-secretases to release 
Aβ which becomes insoluble and fibrillar in 
appearance (Hook et al. 2008) giving rise to the 
neuritic/senile or Aβ plaques of AD. Activated 
microglia and astrocytes (gliosis) accompany 
these plaques and contribute to intracerebral 
inflammation (Perry et  al. 2010; Boche et  al. 
2013; Heneka et al. 2015).
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13.4  The Emerging Association 
Between Periodontal 
Disease and Alzheimer’s 
Disease Provides a Rationale 
for Therapy

Researchers have shown that the genetic variant 
of the APOE є4 increases a person’s risk of devel-
oping AD (Genin et al. 2011). An indirect effect 
of inheriting the APOE є4 gene variant with 
respect to patients with periodontal disease may 
be the increased susceptibility of the host to 
microbial infections (de Bont et al. 1999; Moretti 
et al. 2005; Watts et al. 2008). This genotype has 
also been linked to increased inflammatory bur-
dens in terms of cytokines (systemic circulation 
and brain) in response to LPS (Tsoi et al. 2007; 
Watts et al. 2008; Hubacek et al. 2010).

Previous research has indicated that those 
individuals from low socioeconomic status and 
low levels of education show poorer cognitive 
functioning in later life, and are at greater risk of 
developing AD (Brayne and Calloway 1990; 
Chen and Miller 2013; Russ et al. 2013; Marden 
et  al. 2017). Low socioeconomic status groups 
have also shown an increased likelihood of 
engaging in habits (poor dietary choices) and 
lifestyle choices that are detrimental to their oral 
and general health. These behavioural traits (for 
example, smoking and drinking excessive 
amounts of alcohol) increase the risk for an indi-
vidual to  develop both periodontitis, and AD 
(Singh et  al. 2013). A poor diet contributes to 
making the immune system less robust in its abil-
ity to fight infection. Smoking tobacco has a det-
rimental impact on general health, increasing the 
likelihood of developing cardiovascular and cere-
brovascular disease, but more importantly 
increases the severity to which periodontal dis-
ease progresses due to decreased oxygen and an 
increased inflammatory burden (Kamma et  al. 
1999; Grossi et al. 1995).

It is important to point out that not everyone 
who develops clinical AD is comorbid with peri-
odontal disease (Stein et al. 2007; Farhad et al. 
2014). The reason for this observation remains 
unknown. However, a plausible explanation 

could be that the more virulent strains of P. gingi-
valis may develop in poorly managed oral health 
and in cases of periodontitis that eventually lead 
to sporadic AD. Figure 13.1 illustrates the bidi-
rectional relationship between periodontitis and 
AD.

13.5  The Experimental Journey 
Towards Risk Factor 
Identification Between 
Periodontitis 
and Alzheimer’s Disease

The journey began in 1994 with the Japanese 
elderly population based epidemiological study 
which introduced the concept of fewer teeth in 
later life as a risk factor for dementia (Kondo 
et al. 1994). For a significant length of time this 
concept was left unexplored. Later Chalmers 
et  al. (2002) showed that cognitively impaired 
institutionalised patients exhibited more 
retained roots, carious teeth and missing teeth 
due to poor oral health compared to community-
dwelling older adults. A systematic review by 
Cerutti- Kopplin et  al. (2016) concluded that 
there was evidence to support that tooth loss 
increased the risk of cognitive impairment and 
dementia.

It was Stein et al. (2007) who investigated a 
potential association between the history of oral 
disease and dementia development in female sub-
jects of a religious order. The study included 
analysis of the previously collected data from 10 
annual cognitive assessments of 144 Milwaukee 
participants in the “Nun Study”. Participants with 
fewer teeth directly correlated with an increased 
risk of prevalence and incidence of dementia 
(Stein et al. 2007). It also concluded that missing 
up to nine teeth carried the highest risk for devel-
oping late-onset AD with an odds ratio of 2.2 
(95% CI 1.1, 4.5), proposing tooth loss due to 
periodontitis was doubling the risk factor for AD 
development. Together with other studies, this 
helped to consolidate the idea that potential 
neglect of oral health could have a detrimental 
effect on brain health (Stein et al. 2007).

13 Periodontitis as a Risk Factor for Alzheimer’s Disease: The Experimental Journey So Far, with Hope…



246

13.6  Does Peripheral 
inflammation Induce 
Cerebral Inflammation?

In establishing the events leading from poor oral 
health to AD manifestation, Noble et  al. (2009) 
used a cross-sectional methodology to investigate 
an association between cognitive impairment and 
P. gingivalis via serum markers of its infection. It 
was found that those subjects who were cogni-
tively impaired had higher mean P. gingivalis IgG 
levels compared to those who were cognitively 
healthy. Differences in individuals’ humoral 
responses supported the association of P. gingiva-
lis with cognitive impairment. Also, Holmes et al. 
(2009) had proposed that peripheral inflammation 
may be a key determinant of the cognitive decline 
associated with AD progression. This prompted 
Kamer et al. (2009) to establish if inflammatory 
markers such as TNF-α cytokine and antibodies to 
periodontal bacteria could discriminate between 
AD and non-AD subjects using case-control 
methodology. Sparks Stein et  al. (2012) also 
investigated whether or not serum antibodies to 
periodontal pathogens were a risk factor for AD. 
They used a case- control methodology with infor-
mation gathered from a larger cohort study. They 
found that antibodies to certain periodontal patho-
gens over 10  years were significantly higher at 

baseline in those who went on to develop AD 
(Sparks Stein et al. 2012). A large scale Taiwanese 
insurance based epidemiological survey also 
reported that individuals with chronic periodonti-
tis for at least 10 years had a 70% higher risk of 
developing AD compared to individuals without 
periodontal disease (Chen et al. 2017). This rein-
forced the postulated 10-year lag phase from the 
time of periodontal disease diagnosis to develop-
ing AD and lends credence to the bidirectional 
relationship between the periodontitis-AD brain 
risk-axis.

The report by Poole et  al. (2013) analysed 
human AD and non-AD post-mortem brains 
using immunolabelling and immunoblotting and 
demonstrated the LPS of P. gingivalis exclusively 
in the AD brains and not the controls. This find-
ing was consolidated by Dominy et  al. (2019) 
who used more advanced molecular techniques 
identifying P. gingivalis deoxyribonucleic acid 
(DNA), LPS and gingipain antigens within the 
brain tissue of AD subjects. These two studies 
(Poole et al. 2013; Dominy et al. 2019) provided 
the rationale and the impetus for developing peri-
odontal disease models for AD to better under-
stand the potential of a bacterial aetiology for this 
neurodegenerative disease occurring via the 
peripheral (systemic) system.

The first mouse model used genetically modi-
fied apolipoprotein E knock-out (ApoE−/−) mice, 

Fig. 13.1 The bidirectional relationship between periodontitis and AD
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which were orally infected with P. gingivalis to 
initiate experimental chronic periodontitis 
(Velsko et al. 2014). Poole et al. (2015) showed 
that within 3 months of P. gingivalis oral infec-
tion, bacterial DNA and LPS had spread to the 
ApoE−/− mice brains. In addition, there was evi-
dence of intracerebral inflammatory pathology 
and complement activation once the bacterium 
had entered the hippocampus, compromising the 
health of neurons (Poole et al. 2015). Due to the 
genetic weaknesses of the ApoE−/− P. gingivalis- 
mono- infection model, demonstrating the Aβ 
plaque hallmark of AD (intracerebral pathology) 
was not possible.

The next stage saw researchers introducing 
genetic mutations to their periodontitis mouse 
model. They induced P. gingivalis mono- 
infection into the APP-transgenic (APP-Tg) 
model carrying the Swedish and Indiana muta-
tions (Ishida et al. 2017). The aim was to assess 
the role of chronic periodontitis in the develop-
ment of AD hallmark pathology. However, Ishida 
et al. (2017) concluded that their results reflected 
an overall susceptibility to AD rather than having 
contributed to the overall Aβ hallmark pathology. 
In retrospect this interpretation appears to be 
plausible, as APP in the familial form of AD, har-
bours a missense mutation, (where a single 
nucleotide is changed with the substitution of a 
different amino acid) (Rossor et  al. 1993), sug-
gesting that the bacterial and/or host’s β-secretase 
equivalent digestive enzymes (cathepsin B and 
gingipains) (Dominy et  al. 2019; Hook et  al. 
2008) may be unable to cleave APP in significant 
amounts to notice Aβ contribution in this model.

Moving away from genetically modified mice, 
Ilieviski et al. (2018) chose a wild-type mouse as 
their model of periodontitis for reproducing AD 
pathophysiology. They confirmed the spread of P. 
gingivalis from the oral niche to the brain in their 
wild-type mice and observed glial cell activation, 
the same as reported by Poole et al. (2015), how-
ever in addition, the infection reproduced the car-
dinal neuropathological hallmark lesions (Aβ 
plaques and phosphorylated tau protein at ser-
ine396 position) of AD for the first time. This is 
corroborated by the fact that P. gingivalis has its 
own β-secretase (in the form of gingipains) activ-

ity to cleave APP (Dominy et al. 2019). Both bac-
terial and host β-secretase (in the form of neuronal 
cathepsin B) enhances the overall APP cleavage 
(Hook et al. 2008).

P. gingivalis gingipains and its LPS are also 
known to activate kinases such as glycogen syn-
thase kinase-3 (GSK-3) which subsequently 
phosphorylates neuronal tau at two sites (serine 
396 and Threonine231), involved with the NFT 
AD lesion (Haditsch et  al. 2020; Ilieviski et  al. 
2018; Bahar and Singhrao 2021).

Further studies have examined the mechanis-
tic links for cognition with P. gingivalis. The first 
of these functional testing studies was reported 
by Ishida et  al. (2017) in their APP-Tg mice 
orally infected with P. gingivalis. They demon-
strated that cognitive function was significantly 
impaired in periodontitis-induced APP-Tg mice 
compared to the sham-infected group when 
tested using a water maze (Morris 1984). An 
explanation for the greater cognitive deficit in the 
infected APP-Tg group was an increased inflam-
matory mediator (cytokine) burden following 
induction of experimental periodontitis.

Subsequent investigations performed similar 
behavioural tests on orally mono-infected P. gin-
givalis mice and supported the mechanism of 
cognitive deficit due to inflammation resulting 
from infection in which ageing was also a factor 
(Ding et  al. 2018). These mouse model based 
studies are a proof of concept that periodontitis 
detrimentally impacts cognition via release of 
inflammatory mediators into the blood stream.

13.6.1  Systemic LPS and Its Effect 
on Cognition

Wu et  al. (2017) were the first to report that 
chronic exposure to LPS from P gingivalis  
elicited AD-like phenotypes in middle-aged 
(12 months old) mice. The phenotypes included 
learning and memory deficits, intracellular  
Aβ in neurons, and microglia-induced 
 neuroinflammation in the hippocampus. The sug-
gested mechanism is that Aβ is cleaved indirectly 
by the action of cathepsin B on the parent 
APP. APP is initially stimulated by the interac-
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tion of the cytokine interleukin (IL)-1β with its 
cognate receptor (IL- 1R) on neurons. Exposure 
to LPS from P. gingivalis led to a significant 
increase in microglia implying their activation 
and subsequent secretion of cytokines and neu-
rons. This indicates that the memory deficit seen 
following systemic exposure to LPS of P. gingi-
valis in middle-aged mice is depended on cathep-
sin B and gingipains.

Following on from this, Zhang et  al. (2018) 
conducted functional testing, but specifically 
analysing the effect of P. gingivalis LPS on cog-
nitive function. Behavioural changes were 
assessed with the open field test, Morris water 
maze, and passive avoidance test. Using immu-
nohistochemistry, they assessed for activation of 
astrocytes and microglia within the cerebral cor-
tex and hippocampus; and assessed for pro- 
inflammatory cytokine expression of Interleukins 
(IL) IL-1β, IL-6, IL-8, Tumour necrosis factor-α 
(TNFα), toll-like receptors (TLRs) and CD-14 
using reverse transcriptase-polymerase chain 
reaction (RT-PCR), enzyme-linked immunoassay 
(ELISA) and western blotting. The mice infected 
with P. gingivalis-LPS showed impairment in 
spatial learning and memory, along with activa-
tion of microglia and astrocytes within both the 
cerebral cortex and hippocampus. In addition, 
there was up-regulation of pro-inflammatory 
cytokines and activation of the TLR4/nuclear fac-
tor kappaB (NF-ϰB) signaling pathway. These 
findings suggested that P. gingivalis-LPS can 
lead to impaired memory and learning, which 
would appear to be mediated by the TLR4 signal-
ling pathway. This demonstrates the potential for 
periodontal pathogen endotoxin as a risk factor 
for cognitive disorders.

13.6.2  Systemic Aβ; Does It 
Contribute 
to the Intracerebral Burden 
of This Hallmark in AD?

It has recently been suggested that periodontitis 
increases the levels of peripheral Aβ from gingi-
val tissue and animal models and inflammatory 
cell sources (Leira et al. 2019; Nie et al. 2019). 

This has led to the proposal that in the human 
scenario, there is a potential for this peripheral 
source of Aβ to gain access into the brain thereby 
adding to the Aβ pool in the AD brain. Whether 
this would be a plausible mechanism in the 
human AD brain is not known. However, Zeng 
et al. (2020), in their P. gingivalis infection mouse 
model, identified advanced glycation end prod-
ucts (AGE) as a plausible receptor for Aβ in cere-
bral endothelial cells in mice. This implies that 
AGE products-receptor are a plausible mediator 
of cerebrovascular-related Aβ accumulation in 
the brain; supporting the hypothesis that patients 
harboring the generalized form of periodontal 
disease may be at risk of developing AD via mul-
tiple pathways involving periodontitis.

Limitations to the study included the intraperi-
toneal administration of P. gingival-LPS (rather 
than oral infection of whole P. gingivalis as with 
other research); the route of administration may 
have had some bearing on the passage into the 
cerebral tissues. Also, all mice were of the same 
age, and therefore the effect of ageing was not 
assessed by this study. However, it provided use-
ful information with regard to the potential effect 
of periodontal pathogen endotoxin on cognitive 
function, and that inflammation, which plays an 
important role in cognitive impairment, was medi-
ated by the TLR4 signaling pathway, giving an 
indication of possible underlying mechanisms.

These studies have demonstrated major 
advances that have been made experimentally to 
investigate the relationship between periodontal 
pathogens and their associated products, cogni-
tive impairment, and AD pathophysiology. This 
research has been fundamental in the positive 
progress of the development of potential thera-
peutic agents against AD.

13.6.3  Evidence Supporting 
the Inflammatory Burden 
of Periodontitis Affecting 
Memory

An observational cohort study by de Rolim et al. 
(2014) involved 29 participants with clinically 
mild AD. Intervention involved a complete evalu-
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ation performed by a dental surgeon, and included 
a clinical questionnaire; research diagnostic cri-
teria for temporomandibular disorders; the 
McGill pain questionnaire; oral health impact 
profile; decayed, missing and filled teeth index; 
and complete periodontal examination before 
and after the trial, which involved any dental 
treatment deemed necessary based on the find-
ings of the initial evaluation. The dental treat-
ment most frequently performed included 
periodontal treatment (scaling), extractions, and 
application of topical Nystatin (anti-fungal). The 
study found an increase in orofacial pain, fol-
lowed by improvement in the mandibular func-
tion and periodontal indices in patients with mild 
AD after treatment. These improvements were 
maintained until the last evaluation after 
6 months, and this was followed by a reduction in 
the functional cognitive impairment. The limita-
tion of this study is that it lacked a bigger cohort 
and appropriate (non-AD) controls. The second 
observational cohort study was performed by Ide 
et  al. (2016) who set out to test the hypothesis 
that circulating inflammatory cytokines due to 
periodontal disease bacteria were linked to 
greater rates of cognitive decline in clinical AD 
cases. The study recruited 59 participants with 
mild to moderate AD in which cognition and cir-
culating inflammatory markers were tested. 
Fifty-two of the participants were followed-up at 
6 months when they all underwent repeat assess-
ment of their initial biomarkers for any changes. 
The findings of the study concluded that the pres-
ence of periodontitis at baseline was associated 
with a six-fold increase in the rate of cognitive 
decline in participants over the 6-month  
follow- up period. Periodontitis at baseline was 
also associated with a relative increase in the pro-
inflammatory state over the 6-month follow- up. 
The authors concluded that periodontitis is asso-
ciated with an increase in cognitive decline in 
AD. This study upheld the view linking cognitive 
decline with the body’s inflammatory responses. 
The major weakness of the study was the absence 
of participants with intact cognition as controls. 
A more recent report by Li et al. (2020) also sup-
ports a potential link with inflammatory cell 
counts as part of systemic inflammation due to 

periodontal disease and the risk of cognitive 
decline in the US elderly population. Table 13.1 
summarizes the key evidence which supports the 
association between periodontitis and AD.

13.7  AD Brain Amyloid-β: 
A Potentially Shared Pool 
from Peripheral 
and Intracerebral Sources 
Towards a Blood Biomarker 
for Clinical AD

It has recently been suggested that periodontitis 
increases the levels of peripheral Aβ within gin-
gival tissues and human serum (Kamer et  al. 
2015; Gil-Montoya et al. 2017; Nie et al. 2019; 
Leira et  al. 2020). Blood-based biomarkers are 
very appealing as obtaining cerebrospinal fluid 
from patients is not ideal. Ashton et  al. (2021) 
recently suggested that blood pTau231 has the 
potential to indicate early amyloid formation. 
This residue (Threonine231) phosphorylation in 
tau protein is also a site that P. gingivalis infec-
tion contributes to (Haditsch et al. 2020), and fur-
ther supports a causative role for periodontitis in 
AD development.

13.7.1  The Inflammatory 
Hypothesis – A Potentially 
Shared Pathway

Inflammation is the inevitable consequence of an 
infectious episode in the body. This is better 
appreciated in the case of generalised periodonti-
tis (due to polymicrobial aetiology). The exis-
tence of an intact blood-brain barrier avoids any 
impact of peripheral inflammation on the brain. 
Details of the blood-brain barrier will not be 
described here, as the reader is encouraged to 
read Singhrao and Olsen (2018) for related infor-
mation. However, reports (Marques et al. 2013; 
Montagne et al. 2015, 2016; Halliday et al. 2016) 
have suggested that during ageing and manifesta-
tion of AD, the blood-brain barrier becomes 
defective. This may be the result of a compro-
mised immune protection coupled with poor  
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Table 13.1 Key references supporting scientific evidence for the link between periodontitis and AD

Type of Study Study Relevant Methodology Outcome of interest
Postmortem 
human brains

Poole 
et al. 
(2013)

Matched 10 AD cases for tissue from 
Brains for Dementia Research 
alongside 10 non-AD age-related 
controls with similar or greater 
postmortem interval

LPS from periodontal bacteria can enter 
the AD brain but were not found in 
controls

Emery 
et al. 
(2017)

Pilot study using 16S ribosomal New 
Generation Sequencing to assess the 
bacterial component of the 
microbiome in frozen and fixed 
post-mortem tissue from AD and 
control temporal cortex

AD brains had increased bacterial loads 
compared to controls. Species associated 
with skin, nasopharyngeal and the oral 
cavity were most consistently detected

Riviere 
et al. 
(2002)

Molecular and immunological 
techniques to detect oral Treponema 
in postmortem human brains. 16 
donors with AD (55–87 years of age, 
eightmales) and 18 controls

AD brains more likely to have Treponema 
than controls as well as increased number 
of Treponema species. This study supports 
the hypothesis that oral Treponema 
reached the brain via the trigeminal nerve

Dominy 
et al. 
(2019)

Tissue microarrays containing sex- 
and age-matched brain tissue cores 
from the middle temporal gyrus of 
AD patients and controls were used 
for immunohistochemical analysis

Identification of P. gingivalis DNA in AD 
brains. Gingipains were also identified in 
the brain of AD patients, and levels 
correlated with tau and ubiquitin 
pathology

Inflammatory 
biomarkers

Sparks 
Stein 
et al. 
(2012)

Serum samples from 158 participants. 
Antibody levels were compared 
between controls and subjects with 
AD. Median time from baseline 
assessment to diagnosis for AD was 
9.6 years, Mean length of follow-up 
for the controls was 12.5 years

Elevated antibodies to periodontal bacteria 
in subjects years before cognitive 
impairment, suggesting that periodontal 
disease could potentially contribute to the 
risk of AD onset/progression

Kamer 
et al. 
(2015)

18 with AD and 16 cognitively 
normal

Plasma TNF-α and antibodies against 
periodontal bacteria were elevated in AD 
patients compared with NL and 
independently associated with AD. The 
number of positive IgG to periodontal 
bacteria incremented the TNF-α 
classification of clinical AD and NL. This 
study shows that TNF-α and elevated 
numbers of antibodies against periodontal 
bacteria associate with AD and contribute 
to the AD diagnosis

Li et al. 
(2020)

766 participants aged above 60 years 
and who had periodontal and 
cognitive examinations in the 
National Health and Nutrition 
Examination Survey (NHANES) 
2001–2002 in the U.S.

Participants with increased periodontal 
health obtained higher digit symbol 
substitution test (DSST) scores. White 
blood cell count acted as a mediator in the 
association between bleeding on probing 
and DSST we well as periodontal 
inflamed surface area and DSST. This 
supports the role of systemic 
inflammatory factors as a mediator of the 
association between periodontal 
inflammation and cognitive function

(continued)
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oral hygiene and increased circulating inflamma-
tory mediators. These mediators are implicated 
with age-related defects (cardiovascular health) 
and with possible microbial components in vul-
nerable subjects. It is therefore plausible to sug-
gest that pathogenic bacteria from chronic 
infections and their endotoxins do spread to other 
anatomical sites (Makiura et al. 2008; Bale et al. 
2017; Poole et  al. 2013; Rokad et  al. 2017; 
Dominy et al. 2019; Demmer et al. 2020). This 
invariably impacts on glial cell activation. 
Subsequent exposure of oral microbial debris or 
their secondary products to the brain causes the 
already reactive microglial cells to ferociously 
up-regulate cytokine secretion. Based on the 
reviews by Olsen et  al. (2017); Olsen and 
Singhrao (2019, 2020), there is an increasing 
body of evidence to support complement as a 
potential shared pathway for both periodontitis 
and AD. P. gingivalis has developed impressively 
successful strategies for immune evasion in the 
periodontal pocket (Hajishengallis 2011). This is 
because P. gingivalis has to evade immune-medi-

ated killing to survive and yet requires inflamma-
tion in order to obtain nutrients to flourish. This 
may be the reason for how this bacterium has 
resolved this predicament whilst also benefiting 
its companion species within the microbial com-
munity as a whole, and particularly under inflam-
matory environments to compete for dominance 
(Hajishengallis 2011; Singhrao et  al. 2015). An 
imbalance in complement activity may influence 
dysbiosis of the host’s microbiome. We will not 
describe the complement system in detail as it is 
a subject of its own and the reader is directed to 
excellent reviews (Morgan and Harris 2015; 
Olsen et al. 2017).

Complement evasion in periodontitis nearly 
always involves gingipains, the digestive 
enzymes specific to P. gingivalis. These enzymes 
break down the host’s protective barriers enabling 
the pathogen to penetrate periodontal tissues. In 
doing so, they switch on the host’s immune 
responses. Gingipains have dual functionality 
and can exert dose-dependent biphasic effects on 
complement activation. At low concentrations 

Table 13.1 (continued)

Type of Study Study Relevant Methodology Outcome of interest
Epidemiological 
studies

Tzeng 
et al. 
(2016)

2207 CP and gingivitis patients were 
selected from the National Health 
Insurance Research Database of 
Taiwan, with 6621 controls matched 
for sex and age. After adjusting for 
confounding factors, Cox 
proportional hazards analysis was 
used to compare the risk of 
developing dementia during the 
10-year follow-up period

Patients with CP and gingivitis had 2 
times higher risk of developing AD

Chen 
et al. 
(2017)

Retrospective matched-cohort study 
(National Health Insurance Research 
Database) in Taiwan 9291 patients 
with CP matched to 18,672 patients 
without CP. Regression analysis to 
determine risk of AD

10-year CP exposure was associated with 
1.7 fold increase in risk of developing AD

Lin et al. 
(2020)

Taiwan’s National Insurance database 
was used to evaluate associations 
between dental health and AD; 
209,112 new cases of AD were 
matched 1:4 with 836,448 dementia-
free controls

Oral health care was associated with 
lower odds of developing AD

Beydoun 
et al. 
(2020)

IgG titers against P. gingivalis and 
other periodontal pathogens

Evidence for an association between 
periodontal pathogens and AD, which was 
stronger for older adults
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they can activate complement, which have the 
advantage of eliminating complement sensitive 
commensals which may compete with P. gingiva-
lis for niche space and nutrients. In addition, P. 
gingivalis is relatively resistant to complement- 
mediated opsonisation and killing, and is intrinsi-
cally resistant to the lytic action of complement. 
Conversely at high concentration, P. gingivalis is 
likely to be established, and so gingipains can 
inhibit bactericidal activity of complement thus 
preventing opsonisation of complement-sensitive 
bacteria promoting a mixed species biofilm. 
Sustained complement activation is a potent 
driver of inflammation in the body, including the 
brain. Inappropriate complement activity also 
plays a part in AD pathogenesis.

GWAS has identified four possible genes link-
ing complement to AD. These include 
Complement and sub-complement 1  s (C1s), 
Complement receptor 1 (CR1), Clusterin and 
Complement component 9 (C9). The concern is 
that the brain does not have a traditional lym-
phatic drainage system, meaning an efficient 
complement system (which also acts as a path-
way for clearing debris) is essential for the clear-
ance of damaged cerebral tissue. Defective 
complement genes may disable phagocytic activ-
ity of local microglia resulting in ineffective 
clearance of proteins like Aβ and NFTs. Two 
clearance systems, unique to the brain, have been 
described. Firstly, the glymphatic system, a form 
of brain cleansing system that works better dur-
ing night sleep (Iliff et  al. 2013; Nedergaard 
2013). Hence adequate sleep is implicated for 
better brain function. The second system is the 
intramural periarterial drainage pathway. This 
clears solutes from the brain to the periphery 
along arterial smooth muscle cell basement mem-
branes. This works more efficiently during the 
daytime. For more information on these clear-
ance pathways in relation to bacterial products 
see Singhrao and Olsen (2018).

It is becoming clear that the susceptibility 
gene APOE є4 also exerts its own risk for devel-
oping AD via inflammation mediated by the 
classical complement pathway linked to deregu-
lating C1q to keep the classical complement 

pathway activated (Yin et al. 2019). This has an 
impact on further inflammatory responses via 
cytokine liberation by activated 
monocytes/macrophages/microglia (Ihara and 
Yamamoto 2016). Interestingly, a combined 
action of inappropriate complement activity can 
instruct microglia to over-prune synapses and 
this has implications in loss of synapses and 
memory (Vasek et al. 2016).

It has been demonstrated that susceptibility 
genes, such as APOE, can exert adverse effects 
on the host in combination with environmental 
factors, which are often controllable or modifi-
able. Hence controlling the environmental factors 
may exert a protective effect on cognitive func-
tioning. This appears to be the case in the human 
AD interventional study carried out by Ide et al. 
(2016). The inflammatory burden is often 
described as the mechanism of risk; and certainly 
the impact of any lifestyle modification which 
has an anti-inflammatory effect will be signifi-
cant for reducing both AD and periodontitis.

13.8  Therapeutic Advances – Are 
We Nearly There Yet?

13.8.1  Periodontal Therapy

Current therapies for periodontal treatment 
include non-surgical instrumentation to disrupt 
the biofilm and remove calculus, root surface 
instrumentatio and, removal of plaque retention 
factors (such as overhangs on restorations). Non- 
surgical therapy must be combined with chang-
ing the patient’s behaviour and improving oral 
hygiene measures for it to succeed. More com-
plex and advanced periodontal therapy include 
full mouth disinfection, local antimicrobial appli-
cation, systemic antibiotic therapy, host modula-
tion therapy, and advanced surgical techniques 
such as flap surgery, soft tissue grafts, bone graft-
ing, guided tissue regeneration and tissue stimu-
lating proteins. By managing periodontal disease, 
we can keep the numbers of pathogenic bacteria 
in the periodontal pocket low. This should pre-
vent their spread.
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13.8.2   AD Treatment Based 
on Cholinesterase Inhibitors

For AD, potential treatments were developed 
based on the rationale that neurodegeneration led 
to neurotransmitter deficit, in particular of the 
cholinergic system. Cholinesterase inhibitors 
approved for treatment of mild to moderate AD 
include tacrine (First Horizon Pharmaceuticals), 
which causes liver toxicity and is therefore rarely 
prescribed, donepezil (Pfizer) (also approved for 
severe AD); rivastigmine (Novartis) and galan-
tamine (Janssen). Certainly, cholinesterase inhib-
itors are currently still the main drug administered 
to AD patients. Unfortunately, this treatment is 
proving to be inadequate as cholinesterase inhibi-
tors do not slow the progression of AD symptoms 
(Massoud and Gauthier 2010).

13.8.3  AD Treatment Based 
on Targeting Aβ

According to the Amyloid Cascade Hypothesis 
(Hardy and Selkoe 2002) the Aβ plaque lesions 
of AD were considered to be the cause of AD. 
Although this has subsequently been shown to be 
untrue, this hypothesis still remains influential in 
the field of AD research because of its link with 
the Aβ diagnostic burden and disease progres-
sion. Therapies were based on two main aspects 
of the amyloid cascade hypothesis. Firstly, the 
idea of inhibiting α-, β- and γ-secretases was 
explored (Nunan and Small 2000). This proved 
not to be successful, but formed the basis for 
exploration of anti-Aβ immunotherapy to solu-
bilise aggregated Aβ, thus reducing it in the AD 
brain. Two anti-Aβ drugs, gantenerumab and 
solanezumab, were designed to help remove 
excess Aβ in the brain. For a more comprehen-
sive read on the anti-Aβ based therapies the 
reader should consult (Kozin et  al. 2018; van 
Dyck 2018). What is clear is that altering the 
course of AD by protease inhibitors of the amy-
loid cascade and/or mopping up the already 
aggregated Aβ in the form of plaques has not 
been successful in humans. This has opened the 
field of therapy to other related strategies.

13.8.4  AD Treatment Based 
on Targeting Tau Protein

NFT formation and its spread in the AD brain 
correlate with symptom severity and neurodegen-
eration, thus providing the rationale for develop-
ing therapies that target tau in its abnormal state. 
This formed the basis for developing inhibitors 
for kinases that phosphorylate tau and/or immu-
notherapy to control aggregation of abnormally 
phosphorylated tau, or to stabilise microtubule 
assembly within neurons. Of these, free cytosolic 
hyperphosphorylated tau fragments are impli-
cated in the spreading of tau pathology. 
Researchers have shown that extracts of cytosolic 
tau from AD brains reproduce tau pathology 
when injected into mice brains. Therapeutically, 
these approaches also have their challenges in 
terms of being toxic and/or a lack of efficacy. 
Drugs based on tau toxicity are also being devel-
oped but this is not our niche. However, the inter-
ested reader is directed to some comprehensive 
references on this subject (Congdon and 
Sigurdsson 2018; Sayas 2020).

13.8.5  AD Treatment Based 
on Targeting 
Neuroinflammation

Based on the observation of neuroinflammation 
within the pathogenesis of AD, it became of great 
interest to assess the impact of Non-Steroidal 
Inflammatory Drugs (NSAIDs) on the develop-
ment and progresion of AD. Development of spe-
cific NSAIDs along with discovery of NSAID 
targets in diseased brains led to a multitude of 
animal and human trials. Many NSAIDs have 
been found to cross the blood-brain barrier 
(Parepally et  al. 2006) and cyclo-oxygenase 
(COX)-mediated prostaglandin (PG) synthesis 
has led to an increase in the understanding of 
healthy and diseased brain function. However, it 
has been shown that neuroinflammation and neu-
rodegenerative disease are complex and NSAID 
efficacy on pathology and behaviour vary accord-
ing to the specific disease, the region of the brain, 
and study design (Moore et al. 2010).
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Trials assessing the effect of COX-2 inhibitors 
on the cognitive decline seen in AD, showed ini-
tial evidence that indomethacin might have ben-
eficial effects (Rogers et al. 1993). Unfortunately, 
large scale clinical trials assessing cognitive out-
comes following NSAID administration have 
been disappointing (de Jong et  al. 2008; 
Pasqualetti et al. 2009) and the general consensus 
was that NSAID treatment becomes ineffective 
once memory declines and the associated pathol-
ogies have already developed (McGeer and 
McGeer 2007; Townsend and Practico 2005).

13.8.6  AD Treatment Based 
on Targeting P. gingivalis

The research by Dominy et al. (2019) highlighted 
the potential importance of gingipains which 
have been shown to mediate the toxicity of P. gin-
givalis in epithelial and endothelial cells 
(Stathopoulou et  al. 2009; Sheets et  al. 2005; 
Kinane et al. 2012). They may also be implicated 
as narrow spectrum virulence targets (Guo et al. 
2010; Travis and Potempa 2000; Clatworthy 
et  al. 2007). Blocking gingipain activity with 
short peptide analogues reduces the virulence of 
P. gingivalis (Kadowaki et al. 2004).

Dominy et al. (2019) hypothesised that P. gin-
givalis acts in AD pathogenesis via gingipain 
secretion to promote neuronal damage. This was 
supported with experimental evidence demon-
strating that gingipain immunoreactivity in AD 
human brain was significantly greater than in 
non-AD brains; and correlated with the presence 
of gingipains to the increase in tau load and tau 
NFTs. As a result of this evidence, a potent, 
selective, brain-penetrating, small-molecule 
 gingipain inhibitor was developed which, in vivo, 
shows promise with the potential to act as a dis-
ease modifier for AD (Ryder 2020).

Based on the ground-breaking research from 
Poole et al. (2013) and Dominy et al. (2019), the 
US pharmaceutical company have developed 
COR388 (Cortexyme), a novel virulence factor 
inhibitor, that targets gingipains from P. gingiva-
lis. This drug is in phase 2/3 of clinical trials with 
promising results (Ryder 2020). It is thought to 
be able to block brain infiltration of P. gingivalis 

along with the subsequent downstream pathology 
of AD, including Aβ production, neuroinflamma-
tion and neurodegeneration. If effective, it is 
unclear how this drug will be administered on 
daily basis. However, speculation suggests it may 
be an adjunctive management.

13.8.7  AD Treatment Based 
on Managing Lifestyles

The Lancet Commission on Dementia Prevention, 
Intervention and Care have recognised elements 
of lifestyle such as smoking, obesity, excessive 
alcohol consumption, physical inactivity, depres-
sion and low social contact as potentially modifi-
able risk factors for dementia (Ngandu et  al. 
2015). Thus, making better lifestyle choices 
could prevent or delay dementia. This was sup-
ported by findings from the large-scale ran-
domised controlled trial; the Finnish Geriatric 
Intervention Study to Prevent Cognitive 
Impairment and Disability (FINGER) which 
investigated multi-domain intervention in the at- 
risk segment of the general elderly population. 
The intervention group, which received risk 
reducing modifications to lifestyle patterns 
including diet, exercise, cognitive training and 
vascular risk monitoring, showed maintenance 
of, or improved cognitive functioning and a 
reduction in cognitive decline after the 2-year 
follow-up. This was the first robust large-scale 
trial which showed that modifying lifestyle fac-
tors could be beneficial to cognition (Ngandu 
et  al. 2015). Although this may not be directly 
extrapolated to AD patients, the study popula-
tion, being 60–77  year olds, could be in a pre- 
dementia state. Therefore, further research 
involving multi-modal intervention, designed to 
track participants over longer periods; assessing 
the level of impact of each factor on disease pro-
gression would be useful. Potential therapeutic 
effects can certainly be observed in pre- 
symptomatic and pre-dementia stages.

In summary, the importance of lifestyle fac-
tors is being increasingly recognized and investi-
gated. Table  13.2 highlights current approaches 
to treating AD, aimed at maintaining mental 
function, managing behavioural symptoms, and 
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slowing down the onset of symptoms of the 
disease.

Finally, poor sleep has been implicated with 
AD risk (Sprecher et al. 2017). Adequate sleep in 
advancing age is necessary for retaining memory 
and for effective functioning of the glymphatic 
system (Iliff et  al. 2013; Nedergaard 2013). In 
2019, The World Health Organisation has recog-
nised poor sleep as a risk factor for general health 
and made recommendations of minimum hours 
of sleep per night for specific age groups.

The question as to whether we are there yet 
remains open, despite great efforts being made 
towards developing fundamental treatments and 
a push to adopting better lifestyles. In the absence 
of an adequate treatment for AD, the World 
Dementia Council (https://worlddementiacoun-
cil.org/), National Institutes of Health (NIH) and 
Alzheimer’s Research UK (ARUK) (www.
alzheimersresearchuk.org/ARUK), lend their 
support towards prevention by modifiable risk 
factor identification and implementation during 
life to stay cognitively healthy for a happier and 
longer life.

13.9  Conclusions

We set out to understand how one common, clini-
cal condition such as generalised periodontitis 
becomes a potential risk factor for the develop-
ment of AD and discussed the factors related to 
oral microbial infection and the behavioural 
component. The GAIN trials will demonstrate if 
this is a causative relationship.

The onus is now on both the individual and the 
dental profession and emphasises the key roles 
every individual and dentist have in the preven-
tion or delay of AD development. This gives 
added importance to the need for adequate con-
trol and management of periodontal disease, as 
well as the prevention message that patients 
receive. Oral health monitoring should comple-
ment other lifestyle management commissions 
such as those conducted in the FINGER trial. 
Periodontal disease, its pathogens and their viru-
lence factors, have now been linked to many sys-
temic diseases, and our role in maintaining not 

Table 13.2 Therapeutic advances; are we nearly there 
yet?

AD treatment 
modalities Mechanism of action
Disease- 
Modifying 
Biologics

Monoclonal antibodies targeting the 
two hallmarks of Alzheimer’s disease, 
toxic amyloid and the malfunctioning 
tau protein, belong to this class e.g. 
Aducanumab, Solanezumab and 
Gantenerumab

Disease- 
Modifying 
Small 
Molecules

Earlier small molecule AD treatments 
(cholinesterase inhibitors and 
memantine) did not alter the course of 
the disease but could only stabilise 
some symptoms. Newer small 
molecule therapies are aimed at 
reducing inflammation, nurturing the 
growth of synapse and inhibiting the 
activity of toxic enzymes e.g. 
curcumin, omega-3 fatty acids, 
tau-active agents (methylene blue)

Symptom- 
Reducing 
Small 
Molecules

Drugs given to control some of the 
symptoms of dementia, such as 
aggression and delusions e.g. 
Nabilone or dronabinol (components 
of marijuana); lemborexant, 
piromelatine and zolpidem (sleep- 
enhancing agents); escitalopram and 
mirtazapine (antidepressants); 
brexpiprazole and pimavanserine 
(antipsychotics)

Non- 
medication 
management

Non-pharmacologic trials are testing 
light therapy, acupuncture, 
transcranial direct current stimulation, 
transcranial magnetic stimulation, 
electroconvulsive therapy and deep 
brain stimulation
Additional treatment strategies; 
nutritious diet, sufficient sleep, 
psychosocial therapies and exercise

Infection- 
based 
treatment

COR388, a bacterial protease 
inhibitor which targets gingipain 
produced by P. gingivalis which may 
reduce neuro-inflammation and 
hippocampal degeneration

At the time of publication, there are over 120 therapeutic 
agents undergoing clinical trials for the treatment of AD. 
The vast majority are disease-modifying agents aimed at 
altering the underlying biology of AD. The other catego-
ries of agents are intended to enhance cognition and man-
age neuropsychiatric symptoms. Infection-based 
treatment utilising the drug COR388 by Cortexyme tar-
geting gingipains, the neurotoxic protease of P. gingivalis 
is currently undergoing clinical trials. Alternative thera-
pies have also been introduced including light therapy and 
lifestyle modifications. The diverse AD therapeutic 
modalities have been summarised below. (Adaikkan et al. 
2019; Cummings et  al. 2020, Alzheimers.org, gaintrial.
com)
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only the dental health, but now the general health 
of our patient base has become a key factor in 
enabling our patients to age ‘successfully’ and 
enjoy a healthy life.
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Cardiovascular Diseases 
and Periodontitis

Peter Riis Hansen and Palle Holmstrup

Abstract

Periodontitis is a chronic inflammatory dis-
ease of the tooth-supporting connective tissue 
and alveolar bone that is initiated by a bacte-
rial biofilm in periodontal pockets. It affects 
about half of adults in the Western world, and 
is associated with a range of systemic comor-
bidities, e.g., cardiovascular disease (CVD), 
diabetes and rheumatoid arthritis, and these 
diseases share overlapping systemic and target 
tissue inflammatory mechanisms. Indeed, 
mounting evidence has indicated that their 
association is causal and built on the presence 
of systemic low-grade inflammation (LGI). 
Prior research linking periodontitis to CVD 
has mainly been derived from experimental 
studies, observational data, and small inter-
ventional trials with surrogate markers of 
CVD, e.g., endothelial dysfunction. However, 

recent data from randomised studies have 
demonstrated that intensive treatment of peri-
odontitis can reduce blood pressure in patients 
with hypertension in conjunction with reduc-
tion of systemic inflammatory markers. 
Furthermore, targeted anti-inflammatory ther-
apy has been shown to reduce recurrent events 
in patients with established CVD and 
LGI. Along this line, the concept of residual 
inflammatory risk has emerged as an indepen-
dent new risk factor for atherothrombotic 
CVD. The present review summarizes transla-
tional evidence indicating that periodontitis is 
a risk factor for CVD dependent on LGI, and 
we conclude that treatment of periodontitis is 
likely to contribute importantly to reduction of 
residual inflammatory risk.

Keywords

Cardiovascular disease · Myocardial infarc-
tion · Periodontitis · Inflammation · 
Comorbidity
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hs-CRP high sensitivity C-reactive protein
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IL Interleukin
IRR Adjusted incidence rate ratio
LDL Low-density lipoprotein
LGI Systemic low-grade systemic 

inflammation
MI Myocardial infarction
MMP Metalloproteinase
NLRP3 Nucleotide-binding oligomerization 

domain-like receptor family, pyrin 
domain containing 3

OR  Odds ratio
RA Rheumatoid arthritis
RR  Relative risk
SCORE Systematic coronary risk evaluation
Th T helper cell
TNF  Tumor necrosis factor-α-2

14.1  Introduction

During the last decades, interaction of oral 
inflammation with prevalent non-communicable 
diseases has been widely explored. The most 
common oral inflammatory disease is periodonti-
tis, which is a chronic inflammatory tissue- 
degrading disorder affecting the tooth-supporting 
structures (Pihlstrom et  al. 2005). Periodontitis 
has been linked with numerous highly prevalent 
medical diseases, including, for example, cardio-
vascular diseases (CVD), diabetes, and rheuma-
toid arthritis (RA) (Lalla and Papapanou 2011; 
Lockhart et  al. 2012; Belstrom et  al. 2012; 
Potempa et  al. 2017; Sanz et  al. 2020; Herrera 
et al. 2020). Indeed, accumulating evidence has 
suggested that a causal relationship exists 
between periodontitis and its systemic comor-
bidities including CVD that this is based on a 
shared state of chronic low-grade inflammation 
(LGI) (Hansen et al. 2016; Holmstrup et al. 2017; 
Schenkein et  al. 2020). However, more definite 
proof of causality, e.g., with positive results of 
well-powered randomized controlled trials of 
effects of periodontal treatment on periodontitis 
comorbidities has been lacking. This evidence 

Highlights

• Periodontitis is associated with other 
inflammatory diseases, e.g., cardiovas-
cular disease, diabetes, and rheumatoid 
arthritis

• Periodontitis increases systemic low- 
grade inflammation

• Periodontitis contributes to residual 
inflammatory risk of cardiovascular 
disease

• Periodontal treatment may reduce risk 
of cardiovascular disease

Patient Summary

Inflammation in the mouth as seen in peri-
odontitis can worsen other diseases with 
inflammatory background including, for 
example, cardiovascular diseases, diabetes, 
and rheumatoid arthritis. Markers of 
inflammation in blood tests are often 
increased in these diseases which entails 
increased risk of cardiovascular disease. 
Also, treatment of periodontitis may 
improve blood pressure and diabetes con-
trol and reduce the risk of cardiovascular 
disease. Therefore, it is vital to take care of 
your oral health and receive regular dental 
check-ups. Not only does this lower the 
risk of periodontitis, but it may also reduce 
the risk of other major diseases, e.g., car-
diovascular disease.

Considerations for Practice

• Patients with cardiovascular disease 
should receive treatment for periodonti-
tis if needed

• Periodontal treatment may improve gly-
cemic control in patients with type 2 
diabetes

• Periodontal treatment may reduce blood 
pressure and risk of atherosclerotic 
disease

P. R. Hansen and P. Holmstrup
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gap is explained, in part, by realization that ran-
domized trials with hard clinical comorbidity 
endpoints, e.g., myocardial infarction (MI), 
stroke, and death in studies with CVD, usually 
require long-term follow-up of thousands of 
patients. Also, there are problems with blinding 
of periodontal treatment and leaving periodonti-
tis untreated in control groups of such studies. 
Consequently, definitive randomised trials are 
unlikely ever to be performed in this area of 
research and to guide public health authorities 
and patients, the field has remained largely 
dependent on aggregation of the available evi-
dence accumulated from animal models, clinical 
studies with surrogate outcomes, and epidemio-
logical work. However, recent data from rigor-
ously conducted albeit small-scale studies have 
more firmly suggested that periodontal treatment 
can lower blood pressure in patients with hyper-
tension (Zhou et al. 2017; Czesnikiewicz-Guzik 
et  al. 2019) and improve glycemic control in 
patients with type 2 diabetes (Sgolastra et  al. 
2013; D’Aiuto et  al. 2018). At the same time, 
large clinical trials have unequivocally estab-
lished that atherosclerosis, the main contributor 
to CVD, is an inflammatory disease and that 
residual inflammatory risk in CVD can be treated 
by targeted anti-inflammatory therapy (Ridker 
et  al. 2017; Tardif et  al. 2019). Accordingly, 
although proof of a causal relationship of peri-
odontitis and its comorbidities including CVD 
will probably remain an elusive goal, the sum of 
available evidence would seem to have reached a 
critical mass in terms of establishing such rela-
tionship. To further support this view and inter-
pretation of the available data, we here provide 
an updated overview of evidence linking peri-
odontitis and CVD, with emphasis on the impor-
tance of LGI and the associated residual 
inflammatory risk of CVD.

14.2  Periodontitis

The surface of teeth is not constantly sloughed 
and renewed, as is the case for other inner of 
outer surfaces of the human organism. 
Accordingly, bacterial accumulation on dental 

surfaces along the gingival margin is easily estab-
lished in the form of biofilms (plaques). If these 
are not mechanically removed, the bacteria 
invade the gingival crevice (Fig.  14.1a, b), and 
gingivitis, which is a reversible inflammation 
process limited to the gingival soft tissue, ensues 
as primary response to the bacterial accumula-
tion. Gingivitis affects 50–90% of the adult popu-
lation (Pihlstrom et  al. 2005; Al Qahtani et  al. 
2017) is characterized by gingival redness and 
edematous swelling. In addition, bleeding often 
occurs during oral hygiene procedures and chew-
ing, but the dental biofilm can be removed with 
adequate oral hygiene, and the inflammatory 
lesion may then resolve without irreversible dam-
age to the tooth-supporting tissues. However, in 
absence of biofilm removal, there may be a pro-
gressive overgrowth of opportunistic pathogenic 
bacteria that accumulate at the tooth surface 
below the gingival margin and over time form 
calculus. Depending on individual factors, gingi-
vitis may thereby progress to periodontitis 
(Fig.  14.1c), characterized by deepening of the 
gingival crevice and formation of a gingival 
pocket with an anaerobic environment (Pihlstrom 
et al. 2005). The associated dysbiosis of the sub-
gingival biofilm leads to a non-resolving and 
destructive inflammatory response typified by 
deepened periodontal pockets with ulcerated epi-
thelial linings, irreversible degradation of peri-
odontal tissues and loss of alveolar bone whereby 
affected teeth may loosen, change position, and, 
ultimately, be lost (Bartold and Van Dyke 2013). 
Moreover, the ulcerated epithelial lining of deep-
ened periodontal pockets (Fig.  14.1c) enables 
bacteria in the pockets to penetrate the gingival 
soft tissue and microcirculation, which results in 
bacteremia during everyday procedures like 
chewing, tooth brushing and flossing (Forner 
et al. 2006a).

Periodontitis is the most common non- 
transmissible inflammatory disease in humans 
worldwide (Kassebaum et  al. 2014) and in its 
mildest forms has a prevalence of around 50% in 
adults and > 60% in individuals over 65 years of 
age (White et al. 2012; Eke et al. 2016). Severe 
periodontitis affects 7–8% of the global adult 
population (Kassebaum et  al. 2014) and is a 
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major cause of tooth loss, nutritional compro-
mise, altered speech, low self-esteem and poor 
quality of life (Al-Harthi et al. 2013; Buset et al. 
2016; Billings et al. 2018). Individual suscepti-
bility to periodontitis varies greatly and is deter-
mined by a host of factors including oral hygiene, 
lifestyle, tobacco habits, medical diseases and 
genetics. For example, a twin study has sug-
gested that genetic variance may account for as 
much as half of the variance in periodontitis 
(Michalowicz et  al. 2000). Peritonitis usually 
only results in vague clinical symptoms, e.g., 
slight periodontal edema, redness and bleeding, 
and is often unnoticed by the patient until loos-
ening and changed position of the teeth become 
notable. Professional scaling with removal of 
biofilm and calculus is necessary to stop pro-
gression of the disease, and surgical periodontal 
treatment with reduction of periodontal pocket 
depths may be required in subjects with deep 
pockets (Fig. 14.2a, b).

14.3  Cardiovascular Disease

Atherosclerosis, the major cause of CVD, e.g., MI, 
stroke, peripheral artery disease and cardiovascular 
mortality, is a chronic inflammatory disease. The 
earliest hallmark the disease is endothelial cell acti-
vation and dysfunction which is linked with CVD 
risk factor-driven oxidative stress and reduced lev-
els of bioactive nitric oxide in the arterial wall, with 
subsequent subintimal accumulation of modified 
cholesterol particles, and local recruitment and 
activation of leukocytes of both innate and adaptive 
arms of the immune system. Further processes 
includes formation of fatty streaks characterized by 
subintimal accumulation of cholesterol-laden neo-
intimal macrophages (foam cells), vascular smooth 
muscle cell proliferation, complex intra-lesion 
inflammatory reactions, e.g., activation of diverse 
cytokine networks, Toll-like receptor-NFκB signal-
ing, and nucleotide-binding oligomerization 
domain-like receptor family, pyrin domain contain-
ing 3 (NLRP3) inflammasome activation by cho-

Fig. 14.1 Schematic drawing of the periodontal soft and 
hard tissue close to the gingival margin. em: Enamel; den: 
Dentin; bone: Alveolar bone; gin; Gingival soft tissue 
with epithelial attachment to enamel; root: Root covered 
by cementum with periodontal ligament attaching to root 
to the alveolar bone; in gingivitis the gingiva is inflamed 

with edema. In periodontitis the gingival connective tis-
sue, the periodontal ligament and the supporting alveolar 
bone is undergoing degradation. There is a bacterial bio-
film in the gingival pocket, and through ulcerations in the 
pocket epithelium bacteria have direct access to the con-
nective tissue and the circulation
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lesterol crystals, vessel wall matrix remodeling, 
neo-angiogenesis and eventual progression to a 
mature atherosclerotic lesion with a lipid- rich 
necrotic lipid core, luminal fibrous cap and poten-
tial arterial lumen compromise (Hansson 2005; 
Libby 2012b). Along the course of this evolution, 
lesions may become unstable and display fibrous 
cap rupture or superficial erosion associated with 
increased local and systemic inflammation, activa-
tion of the coagulation system, and explosive local 
platelet activation and aggregation leading to 
thrombosis, arterial occlusion and clinical events, 
e.g., MI (Crea and Libby 2017).

14.3.1  Residual Inflammatory Risk

Considerable overlap and redundancy exist of 
inflammatory mechanisms irrespective of the ini-
tiating factors, and systemic inflammatory activa-
tion by infectious processes and microbial 
products can modulate atherosclerosis, most 
likely indirectly by contributing to a systemic 
inflammatory response that elicits a local ‘echo’ 
in atherosclerotic lesions, which again may lead 
to plaque destabilization and atherothrombotic 

manifestations (Libby et  al. 2018). Indeed, it is 
well-established that patients with acute infec-
tions, e.g., influenza and pneumonia are at 
increased short-term risk of MI and the  aggregated 
infectious burden throughout the lifetime has 
been proposed as a new risk factor (and potential 
treatment target) for atherosclerosis (Rosenfeld 
and Campbell 2011; Musher et al. 2019).

More than two decades ago, the importance 
of LGI in atherothrombotic CVD was suggested 
by studies demonstrating that circulating levels 
of inflammatory biomarkers, e.g., C-reactive 
protein (CRP) or interleukin (IL)-6 were strong 
independent predictors of future MI (Ridker 
et al. 2000; Ridker 2002). Since then the signifi-
cance of inflammation as a marker and maker of 
CVD and, in fact, of most other chronic noncom-
municable diseases that represent leading causes 
of disability, frailty and premature death world-
wide, e.g., diabetes, cancer, chronic kidney dis-
ease, and autoimmune and neurodegenerative 
disorders, has been documented (Ferrucci and 
Fabbri 2018; Furman et  al. 2019). Specifically, 
the magnitude of the increased risk of CVD 
associated with increased CRP levels is remark-
ably similar that of increased low-density lipo-

Fig. 14.2 (a) Periodontitis with 
plaque covering dental calculus at 
the exposed root surface. 
Interdental papillae are lost, and 
the gingival margin shows irregular 
edematous condition with 
retraction (b) Same individual as 
shown in Fig. 14.2a after 
periodontal treatment. There is no 
longer inflammation, but the 
periodontal tissue degradation is 
irreversible
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protein (LDL) cholesterol levels and both these 
risk markers contribute independently to CVD 
prediction (Emerging Risk Factors et al. 2010). 
Recently, the causal role of inflammation in ath-
erothrombosis was confirmed by results of the 
large randomized placebo-controlled 
Canakinumab Anti-inflammatory Thrombosis 
Outcome Study (CANTOS), where treatment 
with canakinumab, a monoclonal antibody tar-
geting the proximal inflammatory cytokine 
IL-1β, reduced a combined CVD endpoint in 
patients with prior MI and LGI determined by 
plasma high sensitivity (hs)-CRP levels >2 mg/
dl (Ridker et  al. 2017). These patients already 
received aggressive lipid- lowering statin therapy 
and lipid levels were not affected by canakinumab. 
Notably, the favorable effect of canakinumab 
was limited to individuals who achieved reduc-
tions of hs-CRP levels and in these subjects, car-
diovascular mortality and all- cause death were 
reduced by 31% (p  <  0.0001) (Ridker et  al. 
2018). Furthermore, in another recent large, ran-
domized placebo-controlled trial, colchicine, an 
anti-inflammatory agent that inhibits NLRP3 
inflammasome activation and tubulin polymer-
ization, reduced recurrent CVD in patients with 
recent MI (Tardif et  al. 2019). In the wake of 
these and other results spanning two decades of 
research, the concept of residual inflammatory 
risk for CVD, namely LGI, has gained clinical 
momentum in the treatment of atherothrombotic 
CVD, with recognition of the potential for anti-
inflammatory therapy to reduce CVD and the 
necessity of identifying and treating unrecog-
nized but prevalent sources of LGI to reduce 
CVD (Czesnikiewicz-Guzik et  al. 2020). Since 
weight loss, physical exercise, and smoking ces-
sation all reduce inflammation, the residual 
inflammatory risk concept is readily useful to 
promote general lifestyle improvements, but 
other forms of anti-inflammatory therapy also 
seem posed to contribute to the therapeutic 
armamentarium against CVD. However, markers 
of residual inflammatory risk have not yet been 
uniformly adopted in CVD risk prediction algo-
rithms. For example, inflammatory markers are 
not among entry data in the established European 
Society of Cardiology systematic coronary risk 
evaluation (SCORE) for assessment of global 
CVD risk in primary prevention, whereas hs- 

CRP levels contribute to some risk scores used 
elsewhere, e.g., the Reynolds Risk Score 
employed for CVD risk prediction in some US 
states (Conroy et al. 2003; Ridker 2007).

14.3.2  Increased Risk of CVD in Other 
Chronic Inflammatory 
Diseases

Increased risk of CVD observed in periodontitis is 
also manifested in ‘traditional’ chronic inflamma-
tory diseases, e.g., RA, psoriasis, and inflamma-
tory bowel disease, and can be viewed within the 
framework of LGI and residual inflammatory risk 
(Ahlehoff et  al. 2013; Kristensen et  al. 2013; 
Hansildaar et al. 2021). Although in the latter con-
ditions, e.g., RA and psoriasis, target tissue and 
systemic inflammation is probably predominantly 
triggered by autoimmune mechanisms (not infec-
tion), much scientific work supporting a causal 
role of these diseases in CVD parallels studies 
done in periodontitis (Hansen 2018). In fact, bi-
directional interrelationships have been estab-
lished between periodontitis and other chronic 
inflammatory diseases, e.g., with periodontitis 
increasing the risk of RA, and RA increasing the 
risk of periodontitis (Potempa et  al. 2017; 
Lorenzo-Pouso et  al. 2020; Zhang et  al. 2020). 
Evidence has also suggested that systemic anti-
inflammatory treatment, e.g., with tumor necrosis 
factor-α (TNF) inhibitors or methotrexate, may 
reduce the risk of CVD in RA and psoriasis albeit 
that large, randomized trials powered for CVD 
outcomes are awaited (Yang et al. 2016; Hansen 
2018; Hansildaar et  al. 2021). Indeed, the 
European League Against Rheumatism (EULAR) 
recommendations for cardiovascular risk man-
agement in patients with RA and other forms of 
inflammatory arthritis advocates that rheumato-
logic disease activity should be controlled opti-
mally to lower the risk of CVD, and that algorithms 
for cardiovascular risk prediction, e.g., SCORE, 
should be adopted for patients with RA by intro-
ducing a multiplication factor of 1.5 (Agca et al. 
2017). The European Society of Cardiology also 
advices that this multiplication factor should be 
used for risk stratification in patients with RA, 
and potentially also employed on an individual 
basis in individuals with other immune-inflamma-
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tory diseases dependent on disease activity/sever-
ity (Piepoli et  al. 2016). In recognition of the 
contribution of RA and systemic lupus erythema-
tosus to the risk of CVD, the QRISK algorithm 
used for estimation of cardiovascular risk in the 
UK also adds the presence of these chronic 
inflammatory disease to CVD risk calculation 
(Hippisley-Cox et al. 2017).

14.4  Observational Studies 
Linking CVD 
with Periodontitis

A large body of observational studies have found 
positive associations between CVD and periodon-
titis (Holmstrup et al. 2017). For example, in the 
Swedish ‘PAROKRANK’ study which included 
805 patients <75 years of age with first- time MI 
and 805 matched controls, periodontitis verified 
by radiographically-rated alveolar bone loss, was 
more prevalent in patients with MI than controls 
(43% vs. 33%; p  <  0.001) (Ryden et  al. 2016). 
There was an increased risk of MI (odds ratio 
[OR] 1.49; 95% confidence interval [CI] 1.21–
1.81) among the patients with periodontitis, which 
remained significant (OR 1.28; 95% CI 1.03–1.60) 
after adjustment for co-variables (smoking, diabe-
tes, and socioeconomic factors). These findings 
from the largest and most well- conducted case-
control study to date clearly support an indepen-
dent association between periodontitis and AMI 
(Ryden et al. 2016). In a Danish nationwide cohort 
study, we also found increased risk of MI (adjusted 
incidence rate ratio [IRR] 1.16, 95% CI 1.04–
1.30), ischemic stroke (IRR 1.51, 95% CI 1.38–
1.65), cardiovascular mortality (IRR 2.02, 95% CI 
1.87–2.18), and all-cause mortality (IRR 2.70, 
95% CI 2.60–2.81) in patients with periodontitis 
compared to controls (Hansen et al. 2016).

Comparable results have been reported in sev-
eral systematic reviews and meta-analyses. In a 
recent systematic review and meta-analysis 
including 30 longitudinal cohort studies the risk 
of CVD (with coronary artery disease, MI and 
stroke as the main endpoints) was significantly 
higher in patients with periodontitis compared to 
periodontally healthy subjects (relative risk [RR] 

1.20, 95% CI 1.14–1.26) (Larvin et  al. 2020). 
CVD risk did not differ between clinical or self- 
reported periodontitis (RR 0.97, 95% CI 0.87–
1.07), it was higher in men (RR 1.16, 95% CI 
1.08–1.25) and severe periodontitis (RR 1.25, 
95% CI 1.15–1.35), and among all types of CVD, 
the increase in risk of stroke was highest (RR 
1.24, 95% CI 1.12–1.38). Another systematic 
review with meta-analysis of periodontitis as a 
risk factor for stroke included 10 studies and 
found an association between periodontitis and 
(ischemic and hemorrhagic) stroke with increased 
risk of stroke in cohort studies (RR 1.88. 95% CI 
1.55–2.29; p < 0.00001) and for ischemic stroke 
events in case-control studies (RR 2.72, 95% CI 
2.00–3.71; p < 0.00001) (Fagundes et al. 2019). 
Along this line, the most recent systematic review 
of a total of 48 cohorts and 5.71 million partici-
pants showed that periodontitis was linked with 
increased risk of all-cause mortality (RR 1.46, 
95% CI 1.15–1.85), cardiovascular mortality (RR 
1.47, 95% CI 1.14–1.90), coronary artery disease 
(RR 2.58, 95% CI 2.20–3.03), cerebrovascular 
disease (RR 3.11, 95% CI 2.42–3.98), and cancer 
(RR 1.38, 95% CI 1.24–1.53) (Romandini et al. 
2021). Edentulism, the ultimate sequela of peri-
odontitis, has also been associated with compara-
bly increased risk of adverse cardiovascular 
endpoints and death (Watt et al. 2012; Lee et al. 
2019; Romandini et al. 2021). In addition, peri-
odontitis has been linked with other manifesta-
tions of atherosclerotic CVD, e.g., peripheral 
artery disease, aortic aneurysms, erectile dys-
function, atrial fibrillation, and heart failure, as 
well as measures of subclinical atherosclerotic 
disease including endothelial dysfunction, e.g., 
determined by attenuated brachial artery flow- 
mediated vasodilation, augmented arterial stiff-
ness, inflammation in the major arteries 
determined by positron emission tomography, 
increased carotid intima-media thickness, and 
carotid artery atherosclerotic plaques and calcifi-
cations, respectively (Amar et  al. 2003; Fifer 
et  al. 2011; Orlandi et  al. 2014; Gurav 2014; 
Frohlich et al. 2016; Zeng et al. 2016; Kaschwich 
et  al. 2019; Bizzarro and Loos 2019; Yu et  al. 
2020; AlSakr et  al. 2020; Hassan et  al. 2021; 
Darnaud et al. 2021) .
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14.5  Periodontitis and Risk 
Factors for CVD

14.5.1  Hypertension

The overall global prevalence of hypertension in 
adults is around 30–45% and increases to >60% 
in subjects aged >60  years, with hypertension 
being a leading cause of premature death and risk 
factor for CVD, e.g., MI, stroke, heart failure, 
peripheral artery disease and chronic kidney dis-
ease (Williams et  al. 2018). Hypertension has 
long been associated with periodontitis and in a 
recent meta-analysis of 40 studies, moderate- 
severe periodontitis (OR 1.22; 95 CI 1.10–1.35) 
and severe periodontitis (OR 1.49; 95% CI 1.09–
1.25) were linked with hypertension, as was also 
documented in prospective studies where peri-
odontitis increased the risk of hypertension (OR 
1.68; 95% CI 0.85–3.35) (Munoz Aguilera et al. 
2020). In fact, it might be considered whether 
dentists can contribute to screening for hyperten-
sion, since patients usually visit dentists more 
frequently than their general physician for pre-
ventive checkups (Engstrom et  al. 2011). Also, 
sublingual varices are associated with hyperten-
sion and may be used as indicator for blood pres-
sure screening (Hedstrom et al. 2015).

A causal role of periodontitis in hypertension 
was suggested in a randomized trial (n = 97) of 
Chinese never-smoking patients with prehyper-
tension and moderate-severe periodontitis, where 
intensive periodontal treatment for 4 consecutive 
weeks significantly reduced systolic and diastolic 
blood pressure after 6 months compared to con-
trols that only received supragingival scaling 
(Zhou et  al. 2017). These results were recently 
supported by a Mendelian randomization study 
where single nucleotide polymorphisms linked 
with periodontitis were significantly associated 
with increased blood pressure (Czesnikiewicz- 
Guzik et al. 2019). Even more importantly, these 
investigators performed a randomized study of 
effects of a single session of intensive periodontal 
treatment in patients with hypertension and 
moderate- to-severe periodontitis (n = 101). In the 
intensive periodontal treatment group, mean 

reductions of systolic blood pressure by 
11.1 mmHg (95% CI 6.5–15.8 mmHg; p < 0.001) 
and diastolic blood pressure by 8.3 mmHg (95% 
CI 3.98–12.6; p  <  0.001) were observed after 
2 months compared to the control group. Systolic 
blood pressure reduction was correlated to mea-
sures of periodontal status improvement and 
intensive periodontal treatment also ameliorated 
endothelial function and reduced circulating lev-
els of both inflammatory markers, e.g., 
interferon-γ, IL-17A, TNF, and share of  
circulating activated CD8 cells, respectively 
(Czesnikiewicz-Guzik et al. 2019). Accordingly, 
this proof of concept study clearly suggests that 
periodontal treatment can have favorable effects 
on hypertension and that reduction of LGI is a 
likely causal mediator. Along this line, a recent 
study with mediation analysis suggested that 
CRP levels was a mediator in the link between 
periodontitis and hypertension (Munoz Aguilera 
et al. 2020). Results in larger cohorts of patients 
with hypertension are awaited to establish the 
role of periodontal treatment as a novel nonphar-
macological treatment of hypertension, and peri-
odontitis is currently not mentioned in guidelines 
on management of hypertension (Williams et al. 
2018).

14.5.2  Diabetes

Diabetes (type 1 and type 2) is an established risk 
factor for periodontitis and the link between the 
two diseases is bidirectional as periodontitis also 
adversely affects glycemic control and contrib-
utes to microvascular diabetic complications 
(Lalla and Papapanou 2011). Accordingly, den-
tists are well-posed for screening for diabetes and 
in a recent Danish study of patients with no his-
tory of diabetes that attended dental treatment, 
3.1% and 27.1% were identified with diabetes 
and prediabetes, respectively (Holm et al. 2016). 
Type 2 diabetes accounts for >85% of diabetes 
prevalence and meta-analyses of randomized but 
usually underpowered studies of effects of peri-
odontal treatment on glycemic control in patients 
with type 2 diabetes have consistently found 
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reductions of HbA1c (glycated hemoglobin) lev-
els (Teshome and Yitayeh 2016). Also, meta- 
analyses have indicated that periodontal therapy 
reduces circulating levels of CRP and TNF in 
patients with type 2 diabetes (Artese et al. 2015). 
In a recent rigorously conducted randomized 
trial, mean HbA1c in patients with type 2 diabe-
tes and moderate-to-severe periodontitis 
(n = 264) receiving multi-phased intensive peri-
odontal treatment were 0.6% (95% CI 0.3–0.9%; 
p < 0.0001) lower than in the control group after 
2 months and was positively correlated with the 
change of periodontal probing depth (D’Aiuto 
et  al. 2018). Also, in the intensive periodontal 
therapy group, endothelium-dependent vasodila-
tion was increased, plasma levels of CRP and 
TNF were decreased, and quality of life and a 
calculated 10-year CVD risk score were improved 
(D’Aiuto et al. 2018). A decrease in HbA1c lev-
els of 0.6% is similar to reductions observed with 
an added glucose-lowering drug and the potential 
clearly importance is clearly underlined by his-
toric data suggesting that each 1% reduction of 
HbA1c is associated with reductions of 21% 
(95% CI 15–27%; p < 0001) for deaths related to 
diabetes, 14% (95% CI 8–21%; p < 0.0001) for 
MI, and 37% (95% CI 22–41%; p < 0.0001) for 
microvascular complications, respectively 
(Stratton et  al. 2000). Based on the aggregated 
evidence, the UK National Health Service 
recently concluded that prevention, early diagno-
sis, and treatment of periodontitis is required in 
subjects with diabetes and that all individuals 
with periodontitis should have periodontal treat-
ment to help prevent type 2 diabetes (NHS 2019).

14.5.3  Other Risk Factors for CVD

Periodontitis is associated with several other risk 
factors for CVD. For example, smoking increases 
the risk of periodontitis and exerts strong nega-
tive effects on the response to periodontal treat-
ment (Pihlstrom et al. 2005). Also, the disease is 
linked to an atherogenic lipid profile with low-
ered high-density lipoprotein (HDL) levels, and 

elevations of LDL cholesterol, and triglyceride 
concentrations (Nepomuceno et  al. 2017). 
Moreover, periodontitis is associated with obe-
sity and low cardiorespiratory fitness, and physi-
cal activity has been tied with reduced prevalence 
of periodontitis (Keller et al. 2015; Ferreira et al. 
2019). Low socioeconomic status confers 
increased risk of CVD that may be of magnitude 
equivalent to traditional risk factors (Schultz 
et  al. 2018). In this regard, periodontitis is 
inversely related to socioeconomic status, and a 
strong negative educational gradient is reported 
in oral health-compromising behaviors (Borrell 
and Crawford 2012; Singh et al. 2013). In addi-
tion, periodontitis has been linked with other less 
traditional risk factors for CVD, e.g., chronic kid-
ney disease, depression, non-alcoholic fatty liver 
disease, obstructive sleep apnea, and polycystic 
ovary syndrome (Al-Jewair et al. 2015; Alakhali 
et  al. 2018; Deschamps-Lenhardt et  al. 2019; 
Machado et al. 2020; Zheng et al. 2021). Notably, 
all above-mentioned risk factors for CVD are 
associated with LGI, many are interdependent, 
some may be unmeasured confounders in epide-
miological studies, and heterogeneity is often 
apparent in studies of their linkage with 
periodontitis.

14.6  Pathogenic Mechanisms 
Linking CVD 
with Periodontitis

Numerous mechanisms can contribute to the 
association between CVD and periodontitis and 
add to the discussion of whether periodontitis 
should be considered as an independent risk fac-
tor for CVD. These mechanisms generally 
include (1) shared clinical, environmental, and 
genetic risk factors, (2) overlap of inflammatory 
pathways with increased systemic levels of 
inflammatory mediators, i.e. LGI, and (3) trans-
location of bacteria from periodontal pockets into 
the circulation with subsequent colonization of 
atheromatous plaques contributing to plaque 
instability and atherothrombotic events.
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14.6.1  Shared Clinical, 
Environmental, and Genetic 
risk Factors

As indicated above, periodontitis has been asso-
ciated with a range of clinical and environmental 
risk factors for CVD, e.g., hypertension, diabe-
tes, smoking, dyslipidemia, obesity, low cardio-
respiratory fitness, low socio-economic status, 
chronic kidney disease, depression, non- alcoholic 
fatty liver disease, obstructive sleep apnea, and 
polycystic ovary syndrome, and well as with 
other chronic inflammatory diseases that confer 
increased risk of CVD, e.g., RA, psoriasis, and 
inflammatory bowel disease. While these shared 
risk factors can confound determination of any 
independent causal role of periodontitis in CVD, 
it is notable that all shared risk factors are charac-
terized by LGI.  Also, evidence has suggested 
shared genetic susceptibilities for periodontitis 
and CVD, especially coronary artery disease 
(Aarabi et  al. 2017). For example, significant 
associations have been reported between peri-
odontitis and established coronary artery disease 
risk loci CDKN2B-AS1, VAMP3, and VAMP8, 
but exact mechanisms connecting these loci with 
the two diseases remain to be identified (Schaefer 
et al. 2011; Munz et al. 2018). However, neither 
shared gene variants or concurrent clinical and 
environmental risk factors appear to fully explain 
the observed association between periodontitis 
and CVD.

14.6.2  Overlap of Inflammatory 
Pathways

Local immuno-inflammatory responses leading 
to alveolar bone destruction in periodontitis are 
coupled with LGI as is the case for CVD and all 
other periodontitis comorbidities as well 
(Holmstrup et al. 2017). Periodontitis is a charac-
terized by a hyperreactive inflammatory response 
in periodontal tissues with an extensive orchestra 
of inflammatory players and mediators, e.g., neu-
trophils, monocyte-macrophages, T cells with 
potential T helper cell (Th)17 polarization, B 
cells, complement, chemokine and cytokine net-

works, lipid mediators, toll-like receptors, citrul-
lination, the NLRP3-inflammasome, and 
metalloproteinases (MMPs), which contribute to 
breakdown of tissue matrix, microvascular dam-
age, and exudation and release of inflammatory 
cells and mediators to both gingival pocket fluid 
and the systemic circulation (Engstrom et  al. 
2011; Moutsopoulos et  al. 2012; Cekici et  al. 
2014; Loos and Van Dyke 2020; Aral et al. 2020) 
. Many of these local inflammatory reactions are 
recapitulated in atherosclerotic plaque develop-
ment (Hansson 2005; Libby 2012b; Crea and 
Libby 2017). In agreement with the notion that 
spill-over of inflammatory mediators from the 
inflamed periodontium promotes systemic 
inflammation, CRP and other circulating markers 
of LGI increase with the severity of periodontitis 
in a dose-dependent manner (Noack et al. 2001). 
These mediators also include, for example, TNF, 
IL-6, and IL-17, and increased levels of these can 
activate endothelial cells leading to endothelial 
dysfunction, i.e. the initiating event in atherogen-
esis, and contribute to other inflammatory pro-
cesses in vascular lesions ultimately leading to 
clinical atherothrombotic manifestations 
(Hansson 2005; Huang and Vita 2006; Libby 
2012a; Schenkein and Loos 2013; Crea and 
Libby 2017; Schenkein et al. 2020). Indeed, peri-
odontitis is associated with endothelial dysfunc-
tion and as discussed earlier, plasma levels of 
CRP and IL-6 are strong independent predictors 
of future MI (Ridker et  al. 2000; Ridker 2002; 
Amar et  al. 2003; Gurav 2014). It remains 
unknown, however, if LGI and its sequelae, e.g., 
endothelial dysfunction, in periodontitis is 
mainly elicited by spill-over of inflammatory 
mediators from inflamed periodontal tissue to the 
circulation, or rather a consequence of transloca-
tion of periodontal bacteria and bacterial prod-
ucts from inflamed periodontium to the blood 
(see below). Along this line, bacteremia occurs 
more frequently in patients with periodontitis 
than in orally healthy controls, and root scaling is 
associated with increases in plasma IL-6 levels 
(Forner et al. 2006a, b). Illustratively, a mild sys-
temic inflammatory response generated by 
administration of a vaccine containing bacterial 
lipopolysaccharide in healthy subjects also 
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induces endothelial dysfunction and increased 
plasma levels of IL-6 (Hingorani et al. 2000).

14.6.3  Transfer of Bacteria 
from Periodontal Pockets 
to the Circulation 
with Subsequent Colonization 
of Atheromatous Plaques

From its onset, periodontitis causes ulcers in the 
gingival, tooth-surrounding epithelial barrier that 
normally protects the organism from bacterial 
invasion through the periodontal pockets. 
Consequently, routine procedures such as chew-
ing and tooth brushing cause translocation of 
viable bacteria from the periodontium to the cir-
culation (Forner et al. 2006a). Also, we recently 
showed that blood donors with periodontitis dis-
play increased risk of having viable bacteria in 
their freshly drawn blood donations compared to 
controls without periodontitis (Damgaard et  al. 
2020). Once in the circulation, bacteria may 
spread in the organism and contribute to progres-
sion of atherosclerosis, either directly by uptake 
in atherosclerotic lesions potentially leading to 
increased local inflammation and plaque instabil-
ity, or indirectly by promoting LGI (Rosenfeld 
and Campbell 2011; Aarabi et  al. 2015). Many 
studies with use of sensitive techniques have 
demonstrated the presence of DNA from oral 
bacteria in atherosclerotic plaques specimens, but 
it is possible that such DNA represents bacteria 
that are passive bystanders or nonviable after 
engulfment elsewhere by leukocytes that subse-
quently homed in on the plaques ((Joshi et  al. 
2021). However, with use of advanced cultivation 
techniques a few investigators have reported via-
ble periodontal bacteria in human atherosclerotic 
plaques (Kozarov et  al. 2005; Rafferty et  al. 
2011).

In addition to their obvious potential for acti-
vation of the immunoinflammatory response, 
selected oral keystone pathogens have shown 
experimental effects of potential relevance to ath-
erothrombotic CVD. For example, 
Porphyromonas gingivalis is unique among pro-
karyotic species by containing a peptidylarginine 

deiminase responsible for protein citrullination 
(McGraw et  al. 1999). This posttranslational 
modification may break the immune tolerance 
and lead to an antibody response against citrulli-
nated proteins, which has been implicated as a 
causal link between periodontitis and RA 
(Potempa et al. 2017). Antibodies to citrullinated 
proteins are highly prevalent in subjects with RA 
where they are linked with endothelial dysfunc-
tion and CVD, but these antibodies also occur 
more frequently in subjects without RA at 
increased risk of coronary artery disease 
(Cambridge et  al. 2013; Potempa et  al. 2017). 
Furthermore, in vitro experiments have suggested 
that virulence factors from P. gingivalis can 
induce upregulation of endothelial cell adhesion 
molecules, vascular smooth muscle cell prolifer-
ation, and platelet activation (Lourbakos et  al. 
2001; Nakamura et al. 2008). Interestingly, pore- 
forming leukotoxin A, the major virulence factor 
of Aggretibacter actinomycetemcomitans, can 
also indirectly elicit protein citrullination by 
causing cytotoxic loss of membrane integrity in 
neutrophils, which triggers calcium-dependent 
activation of neutrophil peptidylaginine deimi-
nases with consequent hypercitrullination of 
intracellular proteins that are then released from 
the dying cells (Konig et al. 2016). Leukotoxin A 
can also increase endothelial cell activation 
in vitro (Dietmann et al. 2013). At present, how-
ever, it remains unclear if systemic spread of 
periodontal bacteria affects the risk of CVD in 
patients with periodontitis.

14.7  Results from Experimental 
Models

A range of experimental investigations have 
examined mechanisms that may contribute to the 
link between periodontitis and CVD, with studies 
frequently done in apolipoprotein E-deficient 
mice, a dyslipidemic model that reiterates many 
facets of human atherosclerosis (Kolovou et  al. 
2008). In these mice, infection with P. gingivalis 
accelerates progression of atherosclerosis and is 
associated with localization of P. gingivalis in 
atherosclerotic lesions and other tissues, 
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increased lipid levels, and systemic T helper cell 
(Th) 17 skewing of the immune system (Li et al. 
2002; Maekawa et al. 2011; Cai et al. 2014). In 
this model, augmented atherosclerosis is also 
observed following infection with the oral spiro-
chete Treponema denticola, and infection with A. 
actinomycetemcomitans is linked with a more 
severely proatherogenic lipid profile and 
increased MMP-9 expression in arterial lesions 
(Tuomainen et al. 2008; Chukkapalli et al. 2014). 
In addition, P. gingivalis increases vascular injury 
in other mice models and recurrent P. gingivalis 
bacteremia induces coronary and aortic athero-
sclerosis in both normocholesterolemic and 
hypercholesterolemic pigs (Brodala et  al. 2005; 
Aoyama et al. 2011; Kobayashi et al. 2012). Also, 
in rats, ligature-induced experimental periodonti-
tis promotes endothelial dysfunction and vascu-
lar inflammation (Brito et al. 2013). Intriguingly, 
in a mice model of MI, inoculation with P. gingi-
valis was reported to result in higher mortality 
rates due to cardiac rupture, with increased oxi-
dative stress and MMP-9 expression in the post-
 MI myocardium (Shiheido et al. 2016). Moreover, 
immunization of mice with P. gingivalis lysate is 
associated with activation of Th1 immune 
responses, aortic inflammation and increased 
elevation of blood pressure and endothelial dys-
function in response to the vasopressor angioten-
sin II, thus providing a link between periodontitis 
and hypertension (Czesnikiewicz-Guzik et  al. 
2019). However, the extent to which the increase 
in cardiovascular injury observed in experimental 
studies is specific for periodontal pathogens or 
applicable to all infectious agents is unclear and 
the huge differences between such models and 
human disease limits the applicability of results.

14.8  Clinical Interventional 
Studies

Several interventional studies have been per-
formed to examine the effect of periodontal treat-
ment (e.g., tooth scaling) on CVD but have 
usually been small and underpowered. It is rea-
sonably well-established, however, that treatment 
of periodontitis improves the CVD risk profile by 

lowering LGI reflected by reductions in circulat-
ing levels of biomarkers, e.g., hs-CRP and IL-6, 
and ameliorated lipid levels, e.g., reduced total 
cholesterol concentrations, especially in patients 
with established CVD and/or diabetes (D’Aiuto 
et  al. 2013; Teeuw et  al. 2014). Furthermore, 
periodontal treatment improves endothelial dys-
function although the initial inflammatory 
response to invasive treatment is accompanied by 
a short-term worsening of endothelial function 
and increase in hs-CRP and IL-6 levels, likely 
caused by bacteremia induced by the invasive 
procedure (Forner et  al. 2006a; b; Tonetti et  al. 
2007; D’Aiuto et  al. 2013; Orlandi et  al. 2014; 
Teeuw et al. 2014). Levels of hs-CRP and IL-6 
normalize within 7 days and hereafter endothelial 
function steadily improves over the next months 
and becomes significantly better than in controls 
(Tonetti et al. 2007; D’Aiuto et al. 2013; Teeuw 
et  al. 2014; Orlandi et  al. 2014; Graziani et  al. 
2015). A meta-analysis also demonstrated that 
periodontal treatment reduced carotid intima- 
media thickness (Orlandi et al. 2014). Along this 
line, in a prospective study of elderly (mean age 
68 ± 8 years) New Yorkers, improvement of peri-
odontal status assessed by periodontal pocket 
depth, gingival crevicular fluid IL-1β levels, and 
subgingival dental biofilm burden of etiologic 
bacteria, e.g., P. gingivalis and A. actinomy-
cetemcomitans, respectively, was associated with 
decreased progression of carotid intima-media 
thickness over a 3-year follow-up period 
(Desvarieux et al. 2013).

As discussed earlier, no well-powered study 
of effects of periodontal treatment on hard CVD 
endpoints, e.g., MI, stroke, and cardiovascular 
death are available, and none are likely to be per-
formed (Offenbacher et  al. 2009; Lopez et  al. 
2012). However, register-based studies of large 
cohorts have consistently linked periodontal 
treatment with improved CVD outcomes and 
suggested that a dose-response relationship 
exists between periodontitis severity and CVD 
risk. For example, a population-based study 
from the National Health Insurance Research 
Database in Taiwan examined major adverse car-
diovascular events in patients with mild or severe 
periodontitis (n  =  13,573  in each group) that 
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were propensity- matched for sex, age, diabetes, 
hypertension, and hyperlipidemia (Chou et  al. 
2015). After 10 years of follow-up, severe peri-
odontitis was linked with increased risk of 
adverse cardiovascular events compared to 
milder periodontitis among patients >60 years of 
age (IRR 1.25, 95% CI 1.08–1.46) (Chou et al. 
2015). Another nationwide population-based 
study from the same database with 7  years of 
follow-up examined a random sample of one 
million persons and found that individuals who 
received periodontal treatment with scaling 
experienced fewer MIs and strokes that those 
who did not, and that increased frequency of 
tooth scaling was correlated with increased risk 
reduction (Chen et  al. 2012). Also, in a recent 
study of healthy Koreans ≥40  years of age 
(n  =  247.696) who underwent an oral health 
screening program and had no history of major 
cardiovascular events, the risk of these events 
(MI, stroke, cardiovascular death, and heart fail-
ure) after a median follow-up of 9.5 years was 
higher for subjects with periodontal disease, a 
higher number of dental caries, or more tooth 
loss (Park et  al. 2019). Moreover, ≥1 tooth 
brushing per day or ≥ 1 regular dental visit for 
professional cleaning per year reduced cardio-
vascular risk by 9% and 14%, respectively (Park 
et al. 2019). Because of the transient acute phase 
response with increased endothelial dysfunction 
observed initially after periodontal treatment, 
results of a prior US Medicaid database study 
indicating increased risk of MI and stroke in the 
first 4  weeks after invasive dental treatment 
raised some concerns (Minassian et  al. 2010). 
However, in a recent larger study from Taiwan, 
invasive dental treatment did not appear to be 
associated with early risk of MI or stroke (Chen 
et  al. 2019). Register-based studies are, of 
course, subject to inherent limitations, e.g., 
diverse biases and unmeasured confounders fre-
quently including smoking, socioeconomic sta-
tus, physical fitness, alcohol consumption, diet, 
and other factors that may contribute to healthy 
user effects associated with good oral hygiene. 
Notably, in view of the totality of available evi-
dence the current European Society of 
Cardiology Guidelines for Prevention of 

Cardiovascular Diseases cites the link between 
periodontitis and CVD, with a cautious note that 
even if treatment or prevention of periodontitis 
improves, the effect on clinical prognosis 
remains unclear (Piepoli et al. 2016).

14.9  Conclusion

The role of LGI in mediating the risk of CVD has 
been amply documented and it is now well- 
established that CVD risk is effectively reduced by 
treatment of residual inflammation. Therefore, 
identification of previously less noticed sources of 
LGI can provide new and unique opportunities to 
lower CVD risk. Periodontitis is the most preva-
lent inflammatory disease and in later years our 
understanding of the mediating role of LGI in the 
link between periodontitis and CVD has devel-
oped considerably. It is now evident that periodon-
tal health should be a key target for interventions 
aimed at reducing LGI and residual inflammatory 
risk of CVD. That improved oral health benefits 
CVD and other major noncommunicable diseases 
involving LGI is an exciting new perspective that 
is likely to have major impact on public health.
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Abstract

Periodontitis is one of the world’s most com-
mon chronic human diseases and has a signifi-
cant impact on oral health. Recent evidence 
has revealed a link between periodontitis and 
certain severe systemic conditions. Moreover, 
periodontal patients remain so for life, even 
following successful therapy, requiring ongo-
ing supportive care to prevent the disease’s 
recurrence. The first challenge in treating the 
condition is ensuring a timely and accurate 
diagnosis since the loss of periodontal bone 
and soft tissue is progressive and largely irre-
versible. Although current clinical and radio-
graphic parameters are the best available for 
identifying and monitoring the disease, the 
scientific community has a particular interest 
in finding quantifiable biomarkers in oral flu-
ids that can improve early detection rates of 
periodontitis and evaluations of its severity. It 
is widely accepted that periodontitis is associ-
ated with polymicrobial dysbiosis and a 

chronic inflammatory immune response in the 
host. This response causes the generation of 
mediators like cytokines. Higher concentra-
tions of cytokines are involved in inflamma-
tion and disease progression, acting as a 
network of biological redundancy. Most of the 
cytokines investigated concerning the peri-
odontitis pathogenesis are proinflammatory. 
Of all of them, interleukin (IL) 1beta has been 
studied the most, followed by tumor necrosis 
factor (TNF) alpha and IL6. In contrast, only a 
few papers have evaluated antiinflammatory 
cytokines, with the most researched being IL4 
and IL10. Several systemic reviews have con-
cluded that the specific cytokines present in 
patients with periodontitis have a distinctive 
profile, which may indicate their possible dis-
criminatory potential. In this chapter, the focus 
is on analyzing studies that investigate the 
accuracy of diagnoses of periodontitis based 
on the cytokines present in gingival crevicular 
fluid and saliva. The findings of our research 
group are also described.
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Abbreviations

ACC accuracy (of a test)
AUC area under the curve
BL bone loss
BOP bleeding on probing
CAL clinical attachment loss
ELISA enzyme linked immunosorbent assay
GCF gingival crevicular fluid
GMCSF granulocyte-macrophage colonysti-

mulating factor
IFN interferon
IL interleukin
MIP macrophage inflammatory protein
ml milliliter
MMP matrix metalloproteinase
PPD probing pocket depth
ra receptor antagonist
TNF tumor necrosis factor
USA United States of America

Highlights

• Biomarkers in oral fluids could play a 
crucial role in both the early detection of 
periodontitis and evaluation of its 
severity.

• The most studied cytokine biomarkers 
in gingival crevicular fluid are interleu-
kin 1alpha and interleukin 1beta, both of 
which have outstanding potential for 
enabling periodontitis to be distin-
guished from periodontal health.

• The most studied cytokine biomarkers 
in saliva are interleukin 1beta and inter-
leukin 6, both of which have outstanding- 
to- acceptable potential when it comes to 
distinguishing periodontitis from peri-
odontal health

• The combination of interleukin 1alpha, 
interleukin 1beta and interleukin 6 with 
another molecule seems to enhance the 
discriminatory capability of these cyto-
kines individually. This is not overcome 
in models with more than two 
biomarkers.

Patient Summary

Periodontitis is an oral disease that requires 
a timely and accurate diagnosis since the 
periodontal bone and soft tissue loss it 
induces is incremental and largely irrevers-
ible. A patient suffering from periodontitis 
continues to do so for life, even after suc-
cessful therapy, and needs ongoing sup-
portive care to prevent the disease’s 

• The smoking/non-smoking status 
affects the diagnostic accuracy of cyto-
kines in oral fluids when it comes to 
detecting periodontitis

• More high-quality evidence is required 
on the accuracy of cytokines in oral flu-
ids for diagnosis of periodontitis

Considerations for Practice

• Determining the presence of biomarkers 
in oral fluids could improve the diagno-
sis and monitoring of periodontitis.

• Assuming a 45% periodontitis preva-
lence, a test of interleukin 1beta in the 
gingival crevicular fluid would be highly 
effective for detecting the presence or 
absence of periodontitis, although there 
is an increase in false positives in 
smokers.

• Assuming a 45% prevalence of peri-
odontitis, a salivary test based on a com-
bination of two biomarkers, such as the 
interleukins 1beta and 6, interleukin 6 
and metalloproteinase 8, or interleukin 
1beta and metalloproteinase 8, would be 
effective for detecting the presence or 
absence of periodontitis.

• More high-quality evidence is required 
on the effectiveness of tests of cytokines 
in oral fluids for diagnosis of 
periodontitis.
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15.1  Epidemiology 
of Periodontitis, its Clinical 
Characteristics, and its 
Impact on Oral and Systemic 
Health

Periodontitis is recognized as one of the most 
prevalent chronic diseases in human beings glob-
ally (Dentino et al. 2013; Kassebaum et al. 2014). 
The condition affects over 50% of the adult popu-
lation and 11% suffer from its most severe forms 
(Dentino et al. 2013; Tonetti et al. 2015b). In the 
United States of America, the prevalence of peri-
odontitis is 47% in adults older than 30  years, 
equating to about 65 million people (Eke et  al. 
2016b). In Europe, this figure increases to 70–85% 
in those older than 60 (König et al. 2010).

Periodontitis is the most serious of the peri-
odontal diseases and is characterized by the 
destruction of the tooth-supporting structures 
(Tonetti et al. 2005). It usually begins as gingivi-
tis, which is considered to be a reversible condi-
tion (Kinane et  al. 2017). However, if the 
inflammatory disease is maintained, the accumu-
lation and maturation of bacterial plaque can lead 
to periodontitis in susceptible individuals. 
Periodontitis and gingivitis have typical signs and 
symptoms, such as gum inflammation with red-
ness and bleeding, excess tartar, halitosis and 
increased tooth sensitivity. However, periodontal 
pockets, dental mobility and, ultimately, tooth 
loss are hallmarks of periodontitis. Like gingivi-
tis, periodontitis is usually painless, enabling both 
these diseases to progress to severe forms before 
they are detected (Kinane et al. 2017).

Unlike gingivitis, periodontitis is a chronic dis-
ease that, even following successful therapy, 

requires periodic reassessment and ongoing sup-
portive care to prevent the recurrence of the dis-
ease (Chapple et  al. 2018). The condition is 
treated mechanically (scaling and root planing 
and/or surgery), as well as with the removal or 
reduction of risk factors and appropriate peri-
odontal maintenance. New treatment modalities 
being actively explored include antimicrobial 
therapy, host-modulation therapy, laser therapy, 
and tissue engineering for tissue repair and regen-
eration (Sanz and Teughels 2008; Slots 2017).

According to the literature, periodontitis is 
not a “silent” problem. Indeed, it has been dem-
onstrated that periodontal patients have a poorer 
perception of their oral health and a worse qual-
ity of life than healthy individuals (Al-Harthi 
et  al. 2013). Advanced periodontitis can also 
compromise different activities of daily living, 
including mastication or even speech due to pro-
nunciation difficulties (Borges et  al. 2013; 
Durham et  al. 2013; Meusel et  al. 2015). In 
addition, as the disease often leads to tooth loss, 
it is associated with poor nutrition caused by the 
reduced diversity of the food consumed (Iwasaki 
et al. 2015; Sheiham et al. 2001). This effect has 
been correlated with morbidity and mortality in 
the elderly (Saunders et  al. 2008). Smile aes-
thetics can also be impacted in advanced peri-
odontitis due to tooth loss or gum recessions, 
leading to low self-esteem and negative reper-
cussions in social relationships (Ferreira et  al. 
2017; Jansson et al. 2014). Moreover, as people 
are living to older ages and tend to have a higher 
quality of life for longer (Eke et al. 2016a), it is 
becoming increasingly essential to prevent or 
treat the disease (Santuchi et al. 2016; Shanbhag 
et  al. 2012). The field of periodontal medicine 
emerged when scientific evidence revealed a 
relationship between periodontitis and certain 
systemic conditions like cardiovascular disease 
(Aarabi et  al. 2017), diabetes (Badiger et  al. 
2019) and rheumatoid arthritis (de Pablo et al. 
2009). In recent years, numerous epidemiologi-
cal associations with respiratory illnesses 
(Hobbins et  al. 2017), adverse pregnancy out-
comes (Zi et al. 2015) and even Alzheimer’s dis-
ease have also been identified (Abbayya et  al. 
2015).

recurrence. More sensitive and specific 
tools based on the presence in oral fluids of 
quantifiable biomarkers like cytokines 
could supplement or, in some cases, replace 
the conventional clinical measurements 
used to diagnose and monitor 
periodontitis.
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15.2  Limitations of Clinical 
Parameters for Diagnosing 
Periodontitis

In periodontics, the first treatment challenge is 
ensuring a timely and accurate diagnosis, as the 
loss of periodontal bone and soft tissue is incre-
mental and largely irreversible (Kinane et  al. 
2017). Traditional clinical measures are informa-
tive for evaluating the severity of periodontitis 
and the response to therapy. These include: the 
presence of plaque or poor oral hygiene; the 
degree of gingival inflammation and bleeding on 
probing (BOP); the probing pocket depth (PPD) 
and suppuration; the clinical attachment loss 
(CAL); and the radiographic bone loss (BL) 
(Chatzistavrianou and Blair 2017). These clinical 
and radiographic parameters are the best available 
for diagnosing and monitoring the health- disease 
state in the majority of patients, probably because 
they respond favorably to the fundamental prin-
ciples of periodontal care (Tonetti et  al. 2018). 
Nevertheless, they are neither sensitive nor spe-
cific enough to reflect the current biological activ-
ity of the disease or predict its future course 
(Buduneli and Kinane 2011).

The BOP is still the best negative predictor of 
periodontitis activity, with its absence foretelling 
a lack of tissue destruction, although it does pro-
duce too many false positives (low sensitivity 
value) (Buduneli and Kinane 2011). Meanwhile, 
evaluations of the CAL measure past episodes of 
bone destruction and require a 2–3 mm threshold 
change before a site can be recognized as having 
significantly broken down (Taba et al. 2005). An 
accurate diagnosis (at specific sites and in the 
patient overall) requires all of these clinical 
parameters to be recorded at six locations per 
tooth (whether affected or not), which is both 
time-consuming and dependent on the profes-
sional’s clinical experience (error-prone mea-
sures). Furthermore, this tedious process is often 
poorly tolerated by patients, given the need to 
repeat it regularly during appointments to monitor 
the disease course (Taylor 2014). Consequently, 
researchers are striving to identify faster and more 
sensitive and specific tools based on the quantifi-
able biomarkers present in oral fluids, with the 

goal being to supplement or, in some cases, 
replace the need for conventional clinical mea-
surements (AlMoharib et al. 2014; AlRowis et al. 
2014; Ghallab 2018).

15.3  The Importance 
of Biomarkers in Oral Fluids: 
Diagnostic Accuracy Studies

In 1998, the National Institutes of Health 
Biomarkers Definitions Working Group defined a 
biomarker as “a characteristic that is objectively 
measured and evaluated as an indicator of normal 
biological processes, pathogenic processes, or 
pharmacologic responses to a therapeutic inter-
vention” (Biomarkers Definitions Working Group 
2001). In dentistry, gingival crevicular fluid 
(GCF) is easy to collect, and its composition 
results from the interplay between the bacterial 
biofilm and the cells of the periodontium. GCF is 
the liquid sample that most accurately reflects the 
pathophysiological condition of the gingival sul-
cus. Consequently, it is regarded as the most 
promising medium for the detection of the molec-
ular biomarkers associated with periodontitis 
(Barros et al. 2016; Ghallab 2018). However, it is 
important to note that very low GCF volumes can 
have a significant effect on the concentrations of 
GCF biomarkers (Ghallab 2018). Saliva can also 
reflect the state of periodontal health and is con-
sidered to be a useful tool for screening and moni-
toring periodontitis because of how easy it is to 
collect (Miller et  al. 2010) and its capacity to 
reflect the inflammatory status of the whole mouth 
(Ghallab 2018).

The complex etiopathogenesis of periodontal 
diseases has been studied for many years (Darveau 
2010; Yucel-Lindberg and Båge 2013). A large 
number of molecules play a part in the different 
disease states, but the focus of this chapter is on 
the fundamental role of inflammatory mediators, 
including cytokines (Preshaw and Taylor 2011). 
Numerous articles have discussed the measure-
ment of cytokines in GCF and saliva, confirming 
a distinct cytokine profile for patients with peri-
odontitis (Jaedicke et  al. 2016; Stadler et  al. 
2016). Nevertheless, on its own, the mere exis-
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tence of this profile does not equate to a diagnosis. 
Indeed, investigations of the diagnostic capability 
of a biomarker require a specific accuracy study to 
produce estimates of test performance (e.g. sensi-
tivity and specificity) (McInnes et al. 2018).

An “ideal” oral biomarker of periodontitis 
must be able to: diagnose the presence of the con-
dition; reflect the severity of the disease; predict 
its progression; and monitor the response to treat-
ment (Ji and Choi 2015). There are three types of 
accuracy study: (1) diagnostic, which focus on 
analyzing the capability of an index test (in this 
case, oral biomarkers) to distinguish patients who 
have a target condition from those who do not (in 
this case, periodontitis versus periodontal health); 
(2) prognostic, in which the information from the 
index test is used to identify patients who will 
have a later event, such as disease progression 
(i.e., the event has not occurred at the time the test 
was undertaken); and (3) predictive, where a test 
is used to identify patients who will or will not 
benefit from treatment (Bossuyt and Leeflang 
2008). Depending on its purpose, an index text 
can be used for triage, as an add-on, or as a 
replacement for an existing test (Gopalakrishna 
et al. 2016).

15.4  Host Response 
in Periodontitis: Role 
of Cytokines

The primary hallmark of periodontitis, namely the 
destruction of periodontal tissue, is widely 
accepted to be the result of a chronic inflamma-
tory host response caused by a polymicrobial dys-
biosis (Eke et al. 2016a; Michalowicz et al. 2000; 
Zaura et al. 2017). This response is characterized 
by the infiltration of the gingival tissue by neutro-
phils, macrophages, and lymphocytes, as well as 
by the generation of high concentrations of medi-
ators (Preshaw and Taylor 2011). These mediators 
not only act as initiators and regulators of the 
immune response but are also involved in the 
damage caused to tissue, leading to clinical dis-
ease (Ebersole et  al. 2013a; Korte and Kinney 
2016). The extent of this immune reaction can 

determine the progression and severity of peri-
odontitis (Jaedicke et al. 2016).

Cytokines (in Greek: “Cyto”  =  cell; 
“Kinos” = movement) are low-molecular-weight 
soluble proteins that play an essential role in 
homeostasis (Stadler et al. 2016). They are pro-
duced by different cell types and are involved in 
the initiation and progression of immune- 
inflammatory processes acting as “messengers” 
transmitting signals to other cells (Preshaw and 
Taylor 2011). In the acute inflammation phase, 
cytokines are released by epithelial cells, fibro-
blasts, and phagocytes; in the adaptive immunity 
process, they are produced by lymphocytes (Ara 
et al. 2009; Cekici et al. 2014).

The cytokine production in the organism is 
extremely regulated, and in healthy people, their 
concentrations are measured in picomolar/ml 
(Stenken and Poschenrieder 2015). Higher con-
centrations of cytokines are associated with 
inflammation and disease progression (Stenken 
and Poschenrieder 2015). Some cytokines are 
among the most critical proinflammatory media-
tors in stimulating the activation of osteoclasts 
and potentiating the progression of periodontitis, 
and include interleukin (IL) 1beta, IL6 and IL17 
(not IL17E), granulocyte-macrophage colony- 
stimulating factor (GMCSF), and tumor necrosis 
factor (TNF) alpha (Yucel-Lindberg and Båge 
2013). Antiinflammatory cytokines, on the other 
hand, play a significant role in the regulation of 
the T-cell subsets that act at many levels. A num-
ber of these mediators, such as IL13 and inter-
feron (IFN) gamma, have an inhibitory impact on 
osteoclastogenesis (Tomás et al. 2017). However, 
some cytokines can have both proinflammatory 
and antiinflammatory effects, depending on their 
function (Garlet 2010). They also act as a net-
work, and so different versions carry out the same 
roles, meaning that, in the absence of a specific 
cytokine, another would take its place; conse-
quently, the response would continue to be acti-
vated by another pathway. This vital mechanism 
is known as biological redundancy (Salvi and 
Lang 2005; Seymour and Gemmell 2001).

Given the inflammatory nature of periodonti-
tis, most of the cytokines investigated in relation 
to its pathogenesis are proinflammatory. Of all of 
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them, IL1beta has been studied the most, followed 
by TNFalpha and IL6 (Stadler et al. 2016). Unlike 
the position with proinflammatory cytokines, only 
a few papers have focused on the role of antiin-
flammatory mediators, with the most researched 
being IL4 and IL10 (Stadler et al. 2016). Several 
authors have reported that cytokines are not spe-
cific enough to detect periodontitis (Zhang et al. 
2009), and that their levels in oral fluids can be 
affected by local or systemic factors like smoking, 
alcohol consumption and stress (Pussinen et  al. 
2007; Zhang et  al. 2009). If correct, these bio-
markers may be of limited use for predicting peri-
odontitis (Kurdukar et  al. 2015). Interestingly, 
however, the authors of several systematic reviews 
have concluded that there is a distinctive profile of 
the specific cytokines that are present in patients 
with periodontitis (Finoti et al. 2017; Stadler et al. 
2016), which may be an indicator of their possible 
discriminatory potential. In this chapter, the focus 
is on analyzing studies of the diagnostic accuracy 
of cytokines for the detection of the disease, with 
the results obtained by our research group also 
described.

15.5  Diagnostic Accuracy 
of Cytokines in the Gingival 
Crevicular Fluid: Single 
and Multiple Biomarkers

Our review of the literature found little evidence 
of the diagnostic potential of single cytokines 
present in the GCF for detecting periodontitis. 
Indeed, most studies focus on the discriminatory 
capacity of this pathology in relation to periodon-
tal health. The most researched cytokines are 
IL1alpha and IL1beta followed by IL17A 
(Table  15.1). Similarly, very few authors have 
investigated the diagnostic accuracy of the pres-
ence of multiple cytokines in the GCF, or cyto-
kines in combination with other biomarkers 
(Table  15.2). In most GCF studies, cytokines 
were quantified by applying ELISA or multipara-
metric cytometry techniques, and predictive 
models were obtained by applying logistic 
regression or linear discriminant analysis 
techniques.

The promising diagnostic capability of IL1 
identified in previous studies (Baeza et al. 2016) 
was later corroborated by the findings published 
by Tomás et al. (2017) on their series of patients 
with periodontitis and a group of periodontally 
healthy controls. In this particular research, the 
area under the curve (AUC) values were above 
0.960 for both types of IL1, which was inter-
preted as evidence of their outstanding potential 
to distinguish periodontitis from periodontal 
health (Hosmer et  al. 2013). Specifically, the 
study revealed sensitivity and specificity values 
of 94.5% and 91.9%, respectively, for IL1alpha 
and 93.2% and 94.6%, respectively, for IL1beta. 
This predictive capability of IL1alpha and 
IL1beta was improved further by incorporating 
an antiinflammatory cytokine (respectively, 
IFNgamma and IL10) in the predictive model: 
the accuracy (ACC) values increased from about 
93% to 95%, with sensitivities and specificities 
of 93.2% and 97.3% for IL1alpha, and 94.5% and 
94.6% for IL1beta (Tomás et al. 2017). In con-
trast, and somewhat curiously, the combination 
of IL1alpha and IL1beta with IL2 (in the form of 
a ratio) did not improve the diagnostic accuracy 
of these proinflammatory cytokines individually, 
with the ACC values ranging from 68.5% to 
89.8% (Arias-Bujanda et al. 2018).

In relation to predictive models with more 
than two biomarkers, and unlike studies pub-
lished in the early 1990s (Kitamura et al. 1991), 
Huang et al. (2020) were able to produce a pre-
dictive model of periodontitis and periodontal 
health involving two cytokines (IL1beta and 
IL8), a matrix metalloproteinase (MMP13), an 
osteoprotein, and an osteoactivin. Although this 
multibiomarker model had sensitivity and speci-
ficity values of 96.0%, this was not a significant 
improvement on the diagnostic potential of the 
two-cytokine models evaluated previously 
(Tomás et al. 2017).

In contrast, the great potential of IL1alpha and 
IL1beta to distinguish between periodontitis 
from periodontal health appears to be signifi-
cantly reduced when their capacity to identify 
active periodontal sites in periodontitis patients is 
assessed. In this sense, Kitamura et  al. (1991) 
obtained that the ACC values fell to 56.6% for 
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IL1alpha and 60.4% for IL1beta due to low sen-
sitivity values (15.4% and 23.1%, respectively).

The Tomás’s series also revealed for the first 
time the high discriminatory power of IL17A in 
GCF (AUC value of 0.937): for periodontitis, the 
sensitivity was 89.0%, and for periodontal health, 
the specificity was 89.2%. As with IL1, this dis-
criminatory potential of IL17A was enhanced 
when it was combined with an antiinflammatory 
cytokine (IFNgamma): the AUC value increased 
to 0.974 and the sensitivity and specificity to 
90.4% and 94.6%, respectively (Tomás et  al. 
2017). In relation to other cytokines, Baeza et al. 
(2016) demonstrated the greater diagnostic accu-
racy of IL6 over TNFalpha (85.5% vs 67.7%), 
with the first biomarker having a sensitivity of 
83.9% and the second only 45.2%.

Of the various methodological factors affect-
ing the diagnostic accuracy of a biomarker in the 
GCF, the smoking status is of particular interest. 
Indeed, several studies have revealed that cyto-
kines are present at different levels in the oral flu-
ids of smokers and non-smokers with periodontitis 
(Javed et al. 2020; Rathnayake et al. 2013; Toker 
et  al. 2012; Tymkiw et  al. 2011), which could 
have a significant effect on the accuracy of cyto-
kine models for the diagnosis of periodontitis. 
However, despite the inclusion of both non- 
smokers and smokers in some of the series 
included in the present chapter, only one study – 
published by our research group – took this vari-
able into account, with adjustments made to its 
predictive models and performance measures 
(Tomás et al. 2017); later, we also produced spe-
cific models for use in non-smokers and smokers 
(Arias-Bujanda et al. 2018). If the smoking status 
is taken into account in models using individual 
cytokines, the accuracy of IL1alpha and IL1beta 
is similar in non-smokers and smokers (IL1alpha: 
93.5% and 91.7%; IL1beta: 94.6% and 94.4%); 
with IL17A, the accuracy is lower for non- 
smokers (88.2% vs 92.6% in smokers). However, 
these three proinflammatory cytokines are less 
able to detect periodontitis in non-smokers (sen-
sitivities of 87.5%, 90.6% and 78.1%, respec-
tively, vs 98.8%, 97.6% and 95.1%); meanwhile, 
in smokers, they are less able to detect periodon-
tal health (specificities of 69.2%, 84.6% and 

84.6%, respectively, vs 96.7%, 96.7% and 93.4%) 
(Arias-Bujanda et al. 2018).

15.6  Cytokines in Saliva 
for the Diagnosis 
of Periodontitis: Single or 
Multiple Biomarkers

Like the literature on cytokines in GCF, there is 
little research on using salivary biomarkers to 
diagnose periodontitis and distinguish it from 
other periodontal conditions (periodontal health 
or gingivitis): IL1beta is the most studied, fol-
lowed by IL6 (Table 15.3). As with GCF studies, 
cytokines in saliva were usually quantified using 
ELISA or multiparametric cytometry techniques, 
and predictive models were frequently obtained 
using logistic regression or linear discriminant 
analysis techniques.

The capacity of salivary IL1beta to distinguish 
a periodontally healthy subject from one with the 
disease varies, with AUC values varying from 
0.960 (Sánchez et  al. 2013) to 0.689 (Arias- 
Bujanda et  al. 2020). Meanwhile, sensitivity 
ranges from 88.0% (Ebersole et  al. 2013b) to 
53.8% (Ramseier et  al. 2009) and specificity 
from 96.8% (Sánchez et al. 2013) to 51.9% (Wu 
et  al. 2018). The discriminatory potential of 
IL1beta in saliva could therefore be interpreted as 
varying from outstanding to acceptable (Hosmer 
et al. 2013). This discrepancy may be due to the 
studies’ dissimilarities in relation to the different 
control and periodontal patient groups analyzed. 
Indeed, it is acknowledged in the diagnostic 
accuracy field that the spectrum of clinical condi-
tions directly affects estimations of sensitivity 
and specificity (Reistma et al. 2009).

Another observation is the fact that all of the 
three studies that describe AUC values ≥0.950 
for IL1beta in saliva (Afacan et al. 2018; Ebersole 
et al. 2013b; Sánchez et al. 2013) used fewer con-
trols than periodontitis patients (≤30 individu-
als). It is interesting that the specificity values 
detected in the three studies were not only very 
high, but also higher than the sensitivity values 
(Afacan et  al. 2018; Ebersole et  al. 2013b; 
Sánchez et al. 2013). This is probably due to the 
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small sample size, which directly affects the 
AUC’s discriminatory capacity. Confirming this, 
the research group of Ebersole et al. (2015) fol-
lowed up their 2013 study by re-evaluating their 
sample of more than 100 clinically similar con-
trols and periodontitis patients. In this second 
paper, the salivary IL1beta AUC values were 
much lower than those initially identified by the 
authors in their first investigation (0.830 vs 0.950) 
(Ebersole et al. 2013b; Ebersole et al. 2015).

Also, of the three studies in which the IL1beta 
AUC values are ≥0.950 (Afacan et  al. 2018; 
Ebersole et al. 2013b, Sánchez et al. 2013), the 
samples in two of them include only non- smokers 
(Afacan et al. 2018; Sánchez et al. 2013); in other 
investigations with lower AUC values (≤0.800), 
groups of both non-smokers and smokers were 
examined (Isaza-Guzmán et  al. 2017; Ramseier 
et  al. 2009). Given the possible influence of 
smoking, Arias-Bujanda et al. (2020) conducted 
a study which found that IL1beta salivary levels 
have an excellent capacity to distinguish between 
untreated periodontitis and periodontal health, 
although this potential was notably reduced in 
patients who smoke (AUC values of 0.830 vs 
0.689, respectively: sensitivity and specificity 
values of 72.2% and 82.5% vs 67.4% and 77.3%). 
The capacity of salivary IL1beta to discriminate 
untreated from treated periodontitis was accept-
able, although, somewhat curiously, to a slightly 
lesser extent in non-smokers (AUC values of 
0.671 and 0.708, respectively, in smokers) (Arias- 
Bujanda et al. 2020).

As with IL1beta, the findings on the predictive 
potential of salivary IL6 for distinguishing peri-
odontitis from other clinical conditions (periodon-
tal health or gingivitis) are fairly heterogeneous: 
while the work of some researchers produced very 
low accuracy scores (below 60.0%) (Ramseier 
et al. 2009; Wu et al. 2018), that of others identified 
accuracies of 78.5%, and even 91.3% (Ebersole 
et al. 2013b, Ebersole et al. 2015). The promising 
results of Al-Sabbagh et al. (2012) on macrophage 
inflammatory protein (MIP) 1alpha deserve to be 
highlighted: their AUC and accuracy values were 
0.940 and 93.8%, respectively (sensitivity of 95.0% 
and specificity of 92.5%). Disappointingly, how-
ever, these results could not be replicated by later 

investigations (Ebersole et al. 2015). In relation to 
the diagnostic capability of other cytokines, 
IFNalpha has been found to produce the best accu-
racy scores (70.8%) (Ebersole et  al. 2013b); the 
results for TNFalpha are mixed (65.0% and 36.8%) 
(Ebersole et al. 2013b; Wu et al. 2018), while the 
least accurate cytokines have been identified as IL1 
receptor antagonist (ra), IL8 and IL10 (36.8%, 
50.9% and 54.4%, respectively) (Ramseier et  al. 
2009; Wu et al. 2018).

The most studied combinations of salivary 
biomarkers for use to distinguish periodontitis 
from periodontal health or gingivitis are IL1beta 
with IL6 and MMP8, followed by IL6 with 
MMP8 (Table 15.4). The results published thus 
far come from studies carried out by the same 
research group, which produced better classifica-
tion parameters in their 2013 series than in that 
from 2015 (Ebersole et al. 2013b, Ebersole et al. 
2015). The best two-biomarker model was found 
to be that involving IL1beta and IL6, which pro-
duced an AUC of 0.983 (accuracy, sensitivity and 
specificity of 95.0%, 94.0% and 96.7%, respec-
tively); the next most accurate came from IL6 
and MMP8, with an AUC of 0.975 (accuracy of 
95.7%, sensitivity of 94.0% and specificity of 
98.4%), and IL1beta and MMP8 (AUC of 0.963; 
accuracy, sensitivity and specificity of 91.3%, 
88.0% and 96.7%) (Ebersole et al. 2013b). These 
three predictive models can all be described as 
having an outstanding discrimination capacity 
(Hosmer et al. 2013). In contrast, the model with 
MIPalpha and MMP8 produced the worst results 
for distinguishing periodontitis from gingivitis 
(accuracy of 63.9%, sensitivity of 64.4%, speci-
ficity of 62.8%) (Ebersole et al. 2015).

The most studied salivary multibiomarker 
model for predicting periodontitis is that formed 
by IL1beta, IL6 and MMP8, to which MIP1alpha 
was added (Table 15.5). Interestingly, in general 
terms, none of the more than two-molecule com-
binations studied thus far have produced diagnos-
tic accuracy results that are substantially better 
than those from models using two salivary bio-
markers (accuracy from 95.0% to 72.9%, sensi-
tivity from 94.0% to 60.0%, and specificity from 
96.7% to 73.8%) (Ebersole et al. 2013b; Ebersole 
et al. 2015; Wu et al. 2018).

15 Update on the Role of Cytokines as Oral Biomarkers in the Diagnosis of Periodontitis
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15.7  Cytokines for the Diagnosis 
of Periodontitis: Implications 
for Practice

Tonetti et al. (2018) have recently reiterated that 
biomarkers play a crucial role in the early detec-
tion of periodontitis and evaluations of its sever-
ity. Indeed, this view is so accepted that a 
proposed classification framework has newly 
introduced validated biomarkers into the case- 
definition system. Since the biological phenotype 
of periodontitis is not adequately reflected in the 
clinical phenotype (Srivastava et al. 2017), diag-
noses would be improved if the biological pheno-
type could be evaluated in clinical practice 
through the determination of GCF biomarkers.

In addition, a salivary diagnostic tool could be 
a non-invasive, sensitive, and specific test for use 
as an adjunct to periodontal patient care and 
maintenance, as well as for screening large popu-
lations (Ghallab 2018; Miller et  al. 2010). 
However, as the natural progression of periodon-
titis substantially complicates the identification 
of biomarkers in GCF (Kinane et al. 2017), it is 
reasonable to assume that this problem will be 
even worse in saliva. Clearly, therefore, although 
the advantages of salivary samples are obvious 
(Miller et al. 2010), their limitations should also 
be taken into account (Al-Tarawneh et al. 2011; 
Giannobile 2012; Miller et  al. 2010; Srivastava 
et al. 2017).

Practically, our findings highlight that one of 
the main requirements when designing predictive 
biomarker studies of periodontitis is differentiat-
ing between subjects based on their smoking 
habit. The results of our investigations revealed 
that smokers had lower diagnostic thresholds for 
IL1beta in both GCF and saliva than non- 
smokers. The precise definition of diagnostic 
thresholds represents a first step in the design and 
construction of periodontitis diagnostic kits for 
use in clinical practice (Arias-Bujanda et  al. 
2018; Arias-Bujanda et al. 2020).

An ideal diagnostic test should, of course, 
have sensitivity and specificity values approach-
ing 100% (Buduneli and Kinane 2011), which 
has not been possible to date in evaluations of 
biomarkers for use to diagnose periodontitis. 

Nevertheless, a first-line test, also known as a tri-
age test, may still be clinically valuable in these 
circumstances, depending on the steps to be taken 
after testing (Leeflang 2014). In this sense, it is 
essential to analyze the predictive values associ-
ated with a diagnostic test considering the preva-
lence of a disease. If we focus on IL1beta, which 
is the most researched cytokine, and with an 
assumed periodontitis prevalence of 45% (Eke 
et al. 2016b; Tonetti et al. 2015a), our predictive 
results on this biomarker in GCF suggest that 
would, theoretically, be a highly effective test for 
detecting periodontitis and periodontal health 
(Arias-Bujanda et  al. 2018). Therefore, if we 
consider that IL1beta test in GCF was used as a 
first-line test to decide who should be referred for 
additional testing (Leeflang 2014), this would 
mean that the test would be unable to detect dis-
ease during initial any screening in only 7.6% of 
periodontitis patients and only 8.1% of patients 
would have to undergo unnecessary periodontal 
testing. In smokers, testing for the presence of 
IL1beta in GCF would be associated with a 
reduction in false negatives (2.3%) and, in con-
trast, a rise in false positives (16.2%) (Fig. 15.1).

Nonetheless, due to the enormous ethiopatho-
genic complexity of periodontitis, it is very 
unlikely that a single salivary biomarker can be 
used to diagnose and predict its evolution (Zhang 
et  al. 2009). In fact, if the salivary IL1beta test 
was used as a first-line screening tool to deter-
mine who should be referred for subsequent eval-
uation, about 70.8–77.1% of such patients would 
be identified, with the accuracy of the results 
depending on their smoking status (Fig. 15.2).

Accordingly, the use of combinations of more 
than one salivary biomarker may not only pro-
duce a more accurate assessment of a patient’s 
periodontal status, but could also be useful for 
predicting the disease’s progression (Ghallab 
2018). From the point of view of developing a kit 
with clinical value, the best combination would 
be one with the lowest number of biomarkers 
possible; that is, two biomarkers that are associ-
ated with high diagnostic precision. Again, 
assuming a periodontitis prevalence of 45%, and 
with the focus on combinations of two of the 
most researched salivary biomarkers  – IL1beta 
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Fig. 15.1 Predictive 
percentages of IL1beta 
biomarker in gingival 
crevicular fluid for 
different prevalence 
values of periodontitis in 
non-smokers and 
smokers
Discontinuous lines 
indicate the percentage of 
negative tests for the 
different prevalences of 
periodontitis. The 
continuous lines indicate 
the percentage of positive 
tests for the different 
prevalences of periodonti-
tis. TP true positive, test is 
positive (indicates 
periodontitis and patient 
has periodontitis), FP: false 
positive, test is positive 
(indicates periodontitis but 
patient does not have 
periodontitis), TN true 
negative, test is negative 
(indicates periodontitis not 
present and patient does 
not have periodontitis), FN 
false negative, test is 
negative (indicates 
periodontitis not present 
but patient has 
periodontitis)
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Fig. 15.2 Predictive 
percentages of IL1beta 
biomarker in saliva for 
different prevalence 
values of periodontitis in 
non-smokers and 
smokers
Discontinuous lines 
indicate the percentage of 
negative tests for the 
different prevalences of 
periodontitis. The 
continuous lines indicate 
the percentage of positive 
tests for the different 
prevalences of periodonti-
tis. TP true positive, test is 
positive (indicates 
periodontitis and patient 
has periodontitis), FP false 
positive, test is positive 
(indicates periodontitis but 
patient does not have 
periodontitis), TN true 
negative, test is negative 
(indicates periodontitis not 
present and patient does 
not have periodontitis), FN 
false negative, test is 
negative (indicates 
periodontitis not present 
but patient has 
periodontitis)
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and IL6; IL6 and MMP8; or IL1beta and MMP8 
(Ebersole et  al. 2013b; Ebersole et  al. 2015)  – 
79.3–81.2% of patients with periodontitis would 
be identified; in terms of the total number of neg-
ative tests, 83.0–86.5% would detect patients 
with the non-periodontitis condition.

15.8  Conclusions 
and Perspectives

The most studied cytokine biomarkers in GCF 
are IL1alpha and IL1beta, which show outstand-
ing potential when it comes to discriminating 
periodontitis from periodontal health; the most 
studied in saliva are IL1beta and IL6, whose 
potential is outstanding to acceptable. The com-
bination of IL1alpha, IL1beta and IL6 with 
another molecule seems to improve the discrimi-
natory capability of these cytokines when used 
individually, which is not overcome by models 
with more than two biomarkers. Assuming a peri-
odontitis prevalence of 45%, a test of IL1beta in 
GCF would be highly effective at identifying 
both periodontitis and non-periodontitis; in 
saliva, a test based on a combination of two bio-
markers, such as IL1beta and IL6, IL6 and MMP 
8, or IL1beta and MMP 8, would be required. A 
patient’s smoking/non-smoking status affects the 
diagnostic accuracy of cytokines in oral fluids 
and must be considered when determining pre-
cise diagnostic thresholds. More generally, addi-
tional high-quality research is needed on the 
accuracy of cytokines in oral fluids, as well as on 
the effectiveness of cytokine tests for diagnosis 
of periodontitis.
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Abstract

Periodontitis is a major public health problem, 
that can have local and systemic consequences 
ranging from tooth loss to the aggravation of 
other chronic diseases. The consequences of 
which have an impact on patient’s overall gen-
eral health and quality of life. Periodontal treat-
ments include a large range of techniques and 
concepts from plaque control to periodontal 
debridement, surgery and regeneration. 
Regardless of the treatment proposed, it always 
begins with the same first essential simple step 
that is etiological therapy which includes oral 
hygiene management and the control of peri-
odontal risk factors. The aim of this first step, 

presented in this chapter, consists mainly in 
reducing oral bacterial load and inflammation 
by the means of daily oral hygiene methods and 
sub-gingival biofilm disruption. Although 
understanding of the pathogenesis and molecu-
lar and cellular mechanisms involved in peri-
odontitis has increased, treatment wise, 
non-surgical debridement remains the keystone 
of every periodontal treatment and supportive 
periodontal therapy. Once risk factors are moni-
tored and plaque control mastered by the 
patient, root instrumentation can be performed 
with hand or power-driven instruments. 
However effective, sub-gingival biofilm disrup-
tion has some limits and can be improved with 
adjunctive therapies such as antiseptics, antibi-
otics, air polishing or other emerging devices 
and therapies. Unfortunately, the lack of clear 
clinical guidelines, concerning these adjunctive 
therapies, still remains, thus pointing out the 
necessity of more standardized clinical studies. 
Also, if some patients can return to a healthy 
periodontal state, most periodontal patients will 
remain at periodontal risk for life. Proper assess-
ment of the patient’s periodontal risk will help 
establish correct monitoring of patients success-
fully treated for their periodontal disease.
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ment · Adjunctive therapy · Plaque control · 
Scaling and root planing

Abbreviations

AAP  American academy of periodontology
AMP antimicrobial peptide
BOP aleeding on probing
CAL clinical attachment level
CAP cold atmospheric `plasma
CHX chlorhexidine
CPC cetilpyridinium chloride
EFP European federation of periodontology
FMD full mouth disinfection
HMT host modulation therapy
MMP matrix metalloproteinase
OH oral hygiene
OHI oral hygiene instructions
PDT photodynamic therapy
PPD probing pocket depth
SAP self-assembling peptides
SDD subantimicrobial dose doxycycline
SRP scaling and root planing

16.1  Introduction

Periodontal diseases are considered like the 6th 
most common non-communicable, chronic 
inflammatory disease in humans. They result 
from an imbalance between host resistance and a 
dysbiotic oral microbiota environment. This dis-
ruption triggers a chain of immune responses 

Highlights

• Although of great interest, heterogene-
ity in the studies does not allow to rec-
ommend photodynamic therapy as a 
complement of sub-gingival mechanical 
debridement.

• Emerging antiseptics like phytotherapy, 
propolis and boric acid-based gels seem 
to be promising as adjunctive therapies.

• Cold Atmospheric Plasma applied 
directly or indirectly could become an 
interesting adjunctive therapy and even 
a future alternative to scaling root 
planing.

Considerations for Practice

• Plaque control is an essential part of 
periodontal treatment and cannot be 
avoided.

• Non-surgical sub-gingival debridement 
remains the keystone of periodontal 
treatment. Hand and ultrasonic instru-
ments are as effective regarding clinical 
parameters as well as quadrant-wise and 
full-mouth procedure approaches.

• Chlorhexidine mouthwashes potentiate 
mechanical debridement outcomes.

Patient Summary

As a result of excessive bacterial load, 
periodontitis- related inflammation 
destructs tooth supporting tissues ulti-
mately resulting in tooth loss. Periodontal 
treatment aims at controlling bacteria load 
and reducing inflammation to stop the 
destruction process. For this purpose, the 
first treatment step requires the disorgani-
zation of the bacterial biofilm colonizing 
sub-gingival root surfaces by the means of 
non-surgical mechanical instrumentation. 
This procedure can only be performed once 
oral hygiene methods are perfectly con-
trolled to avoid the recolonization of treated 
surfaces by oral bacteria. To improve 
mechanical treatment, pharmacological 
adjuvants can be prescribed like antiseptic 
mouthwashes and toothpastes, as well as 
antibiotics.

A. Vinel et al.
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leading to a progressive, more or less severe yet 
irreversible tissular destruction and in fine, tooth 
loss. Periodontitis is a major public health prob-
lem due to its high prevalence ranging from 
11.2% to 50% according to its severity (Billings 
et al. 2018; Kassebaum et al. 2014).

The latest classification on Periodontal and 
Peri-implant Diseases and Conditions (2017 
European Federation of Periodontology and 
American Academy of Periodontology 
Consensus Report), introduces the notion of 
periodontal health as well as peri-implant condi-
tions and states (health, mucositis, peri- 
implantitis) and reviews a great variety of 
gingival diseases and conditions not associated 
with dental plaque but based on their primary 
etiology. Concerning periodontitis, three forms 
of periodontitis are identified: necrotizing peri-
odontitis, periodontitis as a manifestation of sys-
temic pathology, and the former “chronic” and 
“aggressive” forms grouped under a single 
denomination of “periodontitis“. Besides that, 
the classification of periodontitis is accompanied 
by a pluri-dimensional characterization accord-
ing to the severity and complexity of the disease 
(stages I–IV) and the speed of progression, ther-
apeutic possibilities and impact on the general 
health of the patient (grades A, B, C) (Papapanou 
et al. 2018).

Periodontal treatment aims at stabilizing the 
clinical attachment level, limiting tooth loss and 
improving oral-health related quality of life 
(Loos and Needleman 2020). Also, the difference 
is made between a patient with gingivitis who 
can return to a healthy periodontal state and a 
periodontal patient who remains at periodontal 
risk for life. This distinction was made in order to 
highlight the need for periodontal supportive 
therapy and global monitoring of patients suc-
cessfully treated for their periodontal disease.

The concept of non-surgical periodontal ther-
apy emerged in the 80s. While surgical approaches 
had been considered inescapable to treat peri-
odontitis so far, randomized controlled clinical 
trials showed that scaling and root planing asso-
ciated with oral hygiene instructions were viable 
options in terms of pocket reduction and attach-
ment levels maintenance (Lang et al. 2019). Even 

before oral hygiene instructions delivery, patients 
must be educated about their diagnosis, the eti-
ologies and risk factors of periodontitis as well as 
treatment modalities and the benefits/risk balance 
associated. Recent guidelines about the treatment 
of stage I–III periodontitis indicate that the first 
step of periodontal therapy aims at changing 
patients behaviors regarding oral hygiene and 
risk factors control whereas the second step con-
sists in reducing inflammation and stopping dis-
ease progression by disrupting subgingival 
bacterial biofilm (Sanz et al. 2020).

16.2  Prerequisites for Non- 
surgical Periodontal Therapy

16.2.1  Oral hygiene Instructions

The control of bacterial load, pillar of periodontal 
therapy, essentially relies on patient’s daily oral 
hygiene (OH), strongly linked to periodontal 
inflammation (Chapple et  al. 2018; Lang and 
Bartold 2018). Indeed, insufficient OH combined 
with uncontrolled periodontal risk factors is asso-
ciated with treatment failure and disease relapse 
(Carra et al. 2020; Graziani et al. 2017). OH is 
based on patient’s motivation and manual skills 
and can be technically difficult in particular in 
inter-proximal spaces especially since it must be 
carried on a long term basis (Newton and 
Asimakopoulou 2015). For those reasons, oral 
hygiene instructions (OHI) and patient motiva-
tion by an oral health professional (dental hygien-
ist, dental surgeon or dentist, oral health 
specialist) are necessary for efficient self- 
performed plaque control and patient OH educa-
tion may be improved by behavioral interventions 
based on cognitive constructs and motivational 
interviewing principles. OHI must be delivered 
and reinforced at all stages of periodontal treat-
ment (Carra et al. 2020) (Fig. 16.1a, b).

At least twice a day, removal of buccal, lingual 
and occlusal plaque must be performed with a 
tooth brush and is more effective using power- 
driven toothbrushes than manual ones (Van der 
Weijden and Slot 2015). However, tooth brushing 
does not allow to correctly remove interdental 
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306

plaque from proximal sites (Fig. 16.1c). Interdental 
cleaning is therefore critical for  maintaining OH 
and interdental brushes are favored as primary 
choice to execute it (Chapple et al. 2015).

16.2.2  Risk Factor Control

16.2.2.1  General Risk Factors
Smoking and diabetes are two established risk 
factors of periodontitis and their control is of 
major importance in periodontal treatment 
(Papapanou et  al. 2018). Dental practitioners 
must alert their patients about the harmful effects 
of smoking and encourage them to quit even 
more when they are suffering from periodontitis. 
To this aim, smoking cessation may require the 
help from a tobacco addiction specialist but it has 
been shown that brief interventions about tobacco 
use cessation delivered in the dental practice are 
effective to improve periodontal treatment results 
(Ramseier et al. 2020).

As for metabolic diseases, diabetes control 
seems to improve periodontal treatment out-
comes and although scientific evidence is insuf-
ficient to strongly recommend it, increasing 
physical activity, dietary counselling and weight 
loss interventions may participate in ameliorating 
periodontal therapy (Ramseier et al. 2020; Sanz 
et al. 2020).

16.2.2.2  Aggravating Local Risk 
Factors

Local factors have an impact on the periodontal 
micro-environment and either increase periodon-
tal vulnerability or potentiate dental plaque nega-

tive effects. Aggravating local factors include 
anatomical factors such as dental malposition 
and radicular proximities, malocclusions, varia-
tions in root anatomy, and insufficient keratinized 
tissue around teeth as well as gingival recessions. 
Iatrogenic factors are also of importance with 
inadequate prosthetic or conservative restora-
tions as well as behavioral factors such as mouth 
breathing, labial or lingual piercings and nail bit-
ing. All of the previously cited local factors have 
an impact on plaque control or directly attack 
periodontal tissues (Ercoli and Caton 2018; 
Jepsen et al. 2018). It is of importance to correct 
or control aggravating local factors when possi-
ble to allow optimal oral hygiene. For this pur-
pose, professional mechanical plaque and 
calculus removal must be realized prior to root 
instrumentation (Sanz et al. 2020).

16.3  Mechanical Instrumentation

Only once the patient has acquired efficient oral 
hygiene methods will non-surgical periodontal 
treatment be performed. It consists in subgingival 
plaque and calcified deposit removal and its aim 
is to make root surface biologically compatible to 
promote periodontal wound healing (Suvan et al. 
2020). It was initially considered that the com-
plete removal of contaminated root cementum 
and reshaping of root surface was necessary to 
treat periodontitis. The evolution of scientific 
knowledge about periodontal healing has shifted 
this approach into a more conservative one and 
the terms of root planing have progressively been 
replaced by root debridement (Ciantar 2014; 

Fig. 16.1 Risk factor control (dental plaque) (a) Before Oral Hygiene Instructions; (b) After plaque coloration; (c) 
After tooth brushing
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Graziani et al. 2017). Non-surgical debridement 
is performed blindly with no way to really quan-
tify biofilm removal; for this reason, treatment 
success is assessed by clinical signs, mainly 
reduction of pocket probing depth (PPD), clinical 
attachment gain and elimination of bleeding on 
probing (BOP) which vouches for the resolution 
of inflammation (Corbet et al. 1993; Suvan et al. 
2020).

Non-surgical periodontal treatment may be 
performed with hand or power-driven 
instruments.

16.3.1  Hand Instrumentation

There is a large offer of hand instruments includ-
ing curettes, scalers and hoes, and with clinical 
experience and operative skills improvement, the 
number of instruments can be reduced (Fig. 16.2). 
Scalers exhibit two cutting edges on both sides of 
the working part that can be flat or curved and 
form a 90 degrees angle with the handle; they 
have a pointed tip and are mostly used to elimi-
nate supra-gingival calculus in inter-dental 
regions. Curettes were considered the gold stan-
dard for root planing as they allow to remove 
mineralized calculus and granulation tissue but 
also to reshape root surface. Curettes have usu-
ally one cutting edge, oriented at a 60 or 70 
degree angle with the handle and a blunt end to 
avoid injuring healthy tissues; they must be oper-
ated in tension from the end of periodontal pock-

ets towards the crown. Hoes are thin and round 
designed instruments with a blade oriented at a 
99 degree angle with the handle; they are also 
used in tension towards the coronal part of the 
tooth. Most hand instruments are made of stain-
less steel and must be sharpened on a regular 
basis to allow precise and effective work. 
Massively used in the 1970s and 1980s, hand 
instruments have been progressively replaced by 
powered-driven instruments since the 1990s.

16.3.2  Sonic and Ultrasonic 
Instruments

16.3.2.1  Sonic Instruments
Sonic instruments operate using compressed air 
that triggers the metal blade to vibrate, with a 
2–8  KHz frequency. The insert has an orbital 
oscillation and is oriented at 90  ° to the hand-
piece, allowing it to work parallel to the tooth’s 
major axis. The amplitude motion of the insert is 
determined by air pressure and cannot be adjusted 
by the operator and its end is rather thin, leading 
to potential soft tissue injuries. For these reasons, 
sonic instruments are preferentially used for 
supra-gingival biofilm removal (Arabaci et  al. 
2007) (Table 16.1).

16.3.2.2  Ultrasonic Instruments
The effects of ultrasonic instruments result from 
the mechanical action of the insert associated 
with the cavitation of irrigation water. They 

Fig. 16.2 Periodontal hand-instruments
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function in an inaudible frequency ranging from 
25 to 40 kHz and more, depending on the tech-
nology they rely on, magnetostrictive or piezo-
electric. Magnetoscriction is the ability of a 
ferromagnetic material to deform under the 
influence of a magnetic field. In power-driven 
instruments, a thin metallic blade placed in the 
handpiece is exposed to an alternative magnetic 
field; consecutive dimensional variations result 
in longitudinal vibrations producing high fre-
quency oscillation of the insert (20–45  kHz). 
The insert describes an elliptical movement and 
kinetic energy is distributed in several plans 
with a large distribution on dental surfaces, 
allowing the operator to exert little pressure on 
teeth. In piezoelectricity, a quartz pastille placed 
in the handpiece exhibits dimensional changes 
following its exposure to an alternative current, 
inducing in turn longitudinal vibrations (Lea 
et al. 2009; Lea et al. 2003, 2004). The high fre-
quency oscillations of the tip (20–35  kHz) 
obtained are linear and parallel to the instru-
ment’s major axis and in consequence perpen-
dicular to the root surface, generating a 
hammering effect (Laleman et  al. 2017). 
Piezoelectric instruments are operated with a 
swiping motion on the root surface (Table 16.1).

Ultrasonic instrumentation is associated with 
a continuous irrigation system that has several 
roles including insert cooling, debris flushing and 
cavitation. The latter consists in the formation of 
gas or steam bubbles that expand and implode as 
a result of vibrations to form micro-bubbles caus-
ing shock waves. Following every oscillation 
cycle at the tip of the instrument, a micro-bubble 
ring is formed enhancing biofilm disruption and 
bacterial dispersion effects of ultrasounds (Vyas 
et al. 2017).

16.3.2.3  Hand vs. Power-Driven 
Instrumentation

Hand and power-driven instruments have been 
compared in numerous studies in the context of 
non-surgical periodontal treatment. Most studies 
and meta-analysis do not find any statistically 
significant difference between the two approaches 
regarding their efficiency based on plaque and 
calculus removal or clinical parameters (clinical 
attachment gain, PPD and BOP reduction) 
(Krishna and De Stefano 2016; Suvan et  al. 
2020). A recent study also showed an increase of 
serum C-reactive protein, interleukin-6 and 
tumor necrosis factor (markers of inflammation) 
levels at day 1 followed by a return to baseline at 
day 7 with no difference between hand and ultra-
sonic instrumentations (Johnston et al. 2020).

However ultrasonic instruments allow contin-
uous irrigation and flushing while operating, 
reduce operating time and operator and patient 
fatigue. They are more efficient than manual 
instruments to access limited access zones (fur-
cation and deep infra-bony defects) thanks to 
cavitation effect (Maritato et  al. 2018). Also, 
ultrasonic devices cause less tooth surface altera-
tions in morphology and roughness and remove 
less cementum than manual curettes.

16.3.3  Full Mouth vs. Quadrant-Wise 
Scaling

Introduced by Quirynen in 1995, global disinfec-
tion appears as a new treatment modality of non- 
surgical periodontal therapy (Quirynen et  al. 
1995). Called full mouth disinfection (FMD), it 
consists in associating mechanical biofilm disor-
ganization and chemical disinfection of the total-

Table 16.1 Comparison of different power-driven instrument technologies

Power-driven instruments Sonic Magnetostrictive (Ultrasonic) Piezoelectric (Ultrasonic)
Transducer (converts energy to 
vibration)

Pressurized air Metallic alloy blade Quartz pastille

Optimal frequency range 2–8 KHz 20–45 kHz 20–35 KHz
Type of movement of the tip of the 
insert

Orbital 
oscillation

Elliptique Linear

Active surface of the insert Whole tip Whole tip Lateral surfaces of the 
tip
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ity of the oral cavity in a 24-h interval. This 
approach is opposed to the classical non-surgical 
treatment in which root debridement is realized 
in four different sessions. The underlying idea is 
to avoid the recolonization of debrided periodon-
tal pockets by periodontopathogen bacteria still 
present in the oral cavity (Aggregatibacter acti-
nomicetemcomitans (Aa), Porphyromonas gingi-
valis (Pg), Prevotella intermedia (Pi)). Several 
studies showed the presence of the latter at differ-
ent sites in the oral cavity such as the dorsal sur-
face of the tongue, tonsils, saliva and mucosal 
surfaces, called ecological niches (Beikler et al. 
2004; Umeda et al. 2004; Van Winkelhoff et al. 
1988). The approach proposed by Quirynen is the 
following: (1) periodontal pockets instrumenta-
tion; (2) tongue’s dorsum brushing with 1% 
chlorhexidine (CHX) gel during 1 min; (3) 0,2% 
CHX mouthwash during 1 min with 10 s gargle 
to reach the tonsils; (4) sub-gingival irrigation 
with 1% CHX gel repeated 3 times during 10 min, 
operation is renewed 8  days after root debride-
ment; (5) 0,2% CHX mouthwash daily for 
14 days following treatment and (6) tongue’s dor-
sum brushing with 1% CHX gel twice daily 
(Quirynen et al. 1995). In 1999, the same team 
introduced a modification: home mouthwash 
duration was extended from 14 days to 2 months 
(Mongardini et al. 1999).

25 years after Quirynen’s publication, 3 thera-
peutic approaches can be identified, quadrant- 
wise debridement with or without antiseptics 
(CHX) (Fig. 16.3), full mouth debridement with-
out antiseptic and full mouth debridement with 
antiseptics (CHX) (Fig. 16.4). Since the first pub-
lication in 1995, several authors have compared 

the FMD concept to the quadrant-wise approach. 
The results are almost unanimous, no technique 
has showed significant statistical superiority and 
both are as effective in terms of PPD reduction, 
clinical attachment gain, BOP reduction at 1, 3, 6 
and 9  months (Apatzidou and Kinane 2004; 
Jervøe-Storm et  al. 2006; Swierkot et  al. 2009; 
Wennström et  al. 2005). At the microbiological 
level, FMD exhibits a slight advantage compared 
to the quadrant-wise approach. It is associated 
with a reduction of spirochetes, mobile bacteria 
as well as Pg and Pi concentrations. FMD doesn’t 
seem to have any effect on Aa thanks to its ability 
to penetrate periodontal tissues and the use of 
antibiotics or a surgical approach are required to 
reduce its concentration (Quirynen et  al. 2000; 
Roman-Torres et  al. 2018). It is also associated 
with a reduction of the presence of viruses 
(HCMV, EBV, HSV) and protozoans 
(Trichomonas tenax) (Dubar et al. 2020; Grenier 
et  al. 2009). Two Cochrane meta-analysis pub-
lished in 2008 and 2015 conclude in the absence 
of significant difference between the three afore-
mentioned approaches regarding clinical param-
eters (Eberhard et  al. 2008, 2015). This is in 
adequation with the results from a systematic 
review published in 2008 (Lang et al. 2008). The 
authors of the last 3 reviews recommend that the 
choice between the 3 compared techniques 
should be made according to patients’ prefer-
ence, health state and tolerance regarding time 
spent on the dental chair on the one hand and to 
the practitioners and practice organization on the 
other hand. It is important to note that FMD is 
associated with transient bacteriemia and body 
temperature increase; on the other hand, quadrant- 

Fig. 16.3 Full-mouth disinfection therapy (a) Initial situation; (b) after FMD without antiseptics
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wise approach may favor bacterial recolonization 
of treated sites by still untreated periodontal 
pockets (Graziani et al. 2015; Zhang et al. 2013; 
Zijnge et  al. 2010) (Table  16.2). The European 
Federation of Periodontology (EFP) recently 
published a systematic review with meta-analysis 
of non-surgical periodontal treatment comparing 
full-mouth and quadrant-wise approach conclud-
ing that no significant different were observed 
regarding PPD reduction, clinical attachment 
gain and pocket closure; however this review did 
not include the FMD associated with antiseptics 
approach (Suvan et al. 2020).

16.3.4  Limits

Regarding oral hygiene, careful brushing is insuf-
ficient to remove the totality of supra-gingival 
dental plaque and 1  min brushing allows the 
removal of only 39% dental plaque (Van der 

Weijden et  al. 1993). However, the control of 
supra-gingival plaque is absolutely necessary to 
avoid sub-gingival surface recontamination, jus-
tifying professional supportive therapy and the 
use of chemical agents. In addition, supra- 
gingival plaque control does not allow for PPD 
reduction.

Non-surgical periodontal debridement, even 
when conducted under an operating microscope 
or magnifying lenses, is realized without full 
visual access to the periodontal lesions. Thus den-
tal anatomy can make it difficult, in particular for 
multi-rooted teeth since 58% of first molar furca-
tions are narrower than the curettes used in peri-
odontal treatment (Bower 1979). In a comparative 
study, Caffesse et al. note that the percentage of 
dental surfaces completely cleaned after non- 
surgical root debridement depends on the initial 
PPD (Caffesse et  al. 1986) (Table  16.3). Those 
results highlight non-surgical treatment limits 
regarding calculus deposits removal in deep peri-

Table 16.2 FMD vs Quadrant-wise sub-gingival debridement

FMD Quadrant-wise
Benefits Subgingival biofilm control by CHX Short sessions

One-session treatment Patient’s control and follow-up during 
several sessions

Disadvantages Long session for patient and 
practitioner

Bacterial recolonization

Transient bacteremia and body 
temperature increase

Sessions multiplication

Poor compliance by patients –
Unaesthetic coloration and 
dysgeusia

–

Fig. 16.4 Full-mouth 
disinfection therapy with 
antiseptics (0,12% CHX 
during 2 months). One 
can note the presence of 
dark stains resulting 
from chronic use of 
CHX
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odontal pockets. In case of stage III or IV peri-
odontitis, Badersten et al., observe the persistence 
of 26% of 6  mm or more periodontal pockets 
24  months after manual non-surgical debride-
ment, and 21% after power-driven  non- surgical 
debridement (Badersten et al. 1984). Claffey et al. 
also showed that PPD reduction depends on initial 
probing depth and that periodontal recessions 
occur after debridement (Table  16.4) (Claffey 
et al. 2004). A recent review of the literature with 
meta-analysis shows 6–8  months after non- 
surgical periodontal treatment a 1,6  mm mean 
PPD reduction in initially shallow sites (stages I 
and II periodontitis) and 2,6  mm mean PPD 
reduction in initially deep sites (stage III and IV 
periodontitis); the authors conclude that in more 
severe cases, non-surgical debridement appears to 
be more efficient in terms of PPD reduction 
whereas disease stabilization, materialized by 
pocket closure, is less likely (Suvan et al. 2020). It 
is also important to keep in mind that the non-
surgical approach isn’t usually associated with 
periodontal regenerative techniques.

As discussed above, from a microbiological 
perspective, periodontal pathogens bacteria, 
viruses and protozoans may be identified in oral 
sites others than periodontal pockets (tongue, 
tonsils…), that could be recontamination sources 
of treated sites (Dubar et al. 2020; Grenier et al. 
2009; Mombelli 2018). Furthermore, insufficient 

oral hygiene after non-surgical treatment is asso-
ciated with the novel formation of sub-gingival 
biofilm, containing spirochetes and labile bacte-
ria within 4–8 weeks (Magnusson et al. 1984). It 
has been shown that non-surgical debridement, 
even associated with an antibiotic treatment, does 
not allow to completely eliminate periodontal 
pathogens: Aa,, Pg, Pi, Fusobacterium nuclea-
tum (Fn), Treponema denticola and Tannerella 
forsythia (Mombelli 2018).

Non-surgical periodontal debridement limits 
are mainly related to the fact that it is achieved 
without any visual access to the lesions which is 
reflected by lower efficiency in deep pockets. 
That approach does not allow to completely treat 
periodontitis and a surgical approach remains 
indicated in case of remaining severe deep pock-
ets, infra-bony and furcation defects. However, 
periodontal individual and professional support-
ive therapy with regular debridement as well as 
the operator’s skills and experience in treating 
periodontitis can improve clinical outcomes and 
increase patient’s compliance as well as prevent 
periodontal disease recurrence (Kozlovsky et al. 
2018).

16.4  Adjunctive and Innovative 
Therapeutic Approaches

As explained above, periodontal initial therapy 
aims at reducing local periodontal inflammation 
and bacterial load via biofilm disruption and non- 
surgical debridement. It can be improved when 
combined with adjunctive therapy. In the next 
chapter, we present different approaches that can 
be implemented to potentiate the effects of non- 
surgical periodontal debridement.

16.4.1  Air polishing

Described in the 1980s, the concept of air polish-
ing uses pressurized air, water and fine grain size 
powders to disrupt supra and sub-gingival bio-
films. Some air-polishing devices are  independent 
whereas others can be connected to the unit and 
specific nozzles (Fig. 16.5) have been developed 
to access sub-gingival contaminated surfaces. 

Table 16.3 Periodontal non-surgical debridement effi-
cacy depending on initial pocket depth (Caffesse et  al. 
1986)

Pocket depth (mm) Non-surgical debridement
1–3 86%
4–6 43%
> 6 32%

Table 16.4 Probing pocket depth reduction and peri-
odontal recessions according to initial probing depth after 
non-surgical treatment (Claffey et al. 2004)

Initial probing 
depth (mm)

Probing pocket 
depth reduction 
(mm)

Periodontal 
recession (mm)

≤ 3,5 0 0,5

4–6,5 1–2 0–1

≥ 7 2–3 1–2
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Air-polishing is a simple, fast and economical 
technique with reduced discomfort for the 
patients (Petersilka 2011). Long term periodontal 
treatment is highly dependent on supportive ther-
apy and numerous studies agree on the impor-
tance of re instrumentation to disrupt biofilm and 
prevent surface recolonization by periodontal 
pathogens; in this respect air polishing seems to 
be particularly relevant.

Although air-polishing with sodium bicarbon-
ate powders is efficient and safe to remove supra- 
gingival biofilm, it is unsuitable for sub-gingival 
debridement because of important damages 
caused on root surfaces (Atkinson et  al. 1984) 
and soft tissues (Bühler et al. 2016). To resolve 
these issues, low abrasive powders have been 
proposed and currently, three types have been 
described, glycine, erythritol and trehalose. 
Glycine is an amino acid and an immunoregula-
tor of inflammatory response in gingival tissues 
(Schaumann et  al. 2013). Thanks to it anti- 
inflammatory and cytoprotective properties, gly-
cine powders (particles size 25–65  μm) inhibit 
macrophage activation and reduce the formation 
of free radicals (Zhong et al. 2003). Erythritol is 
an alcohol used as a non-cariogenic sweetener 
and the small size of the particles (14 μm) limits 
tissue damages. In 2019, a study introduced a 
new air polishing powder for periodontal sup-
portive therapy, trehalose, a disaccharide used as 
a food additive with particle sizes similar to that 
of glycine (25–35 μm) (Kruse et al. 2019).

The vast majority of studies on air-polishing 
have been led in the context of periodontal sup-
portive therapy. Nevertheless, supra-gingival 
application of low abrasive powders oriented into 

shallow pockets (≤4 mm PPD) and sub-gingival 
application in moderately deep pockets (≥5 mm 
PPD) using specific nozzles are more efficient in 
subgingival biofilm removal than manual root 
debridement (Flemmig et  al. 2012; Flemmig 
et  al. 2007). Compared to manual and power- 
driven root debridement, sub-gingival air- 
polishing with glycine powder is considerably 
faster regarding sub-gingival biofilm removal and 
perceived as more comfortable by patients. 
However, mineralized biofilm has to be removed 
by hand or power-driven instruments (Moëne 
et al. 2010; Petersilka et al. 2003; Sculean et al. 
2013; Wennström et al. 2011). In a recent study, 
sub-gingival air-polishing with glycine powder in 
addition to sub-gingival debridement in initial 
therapy reduced inflammation as well as pocket 
depth more efficiently than non-surgical debride-
ment alone at 3 months but had similar effects at 
6 months (Tsang et al. 2018). Erythritol powder 
air-polishing alone has similar results regarding 
BOP % as well as PPD reduction and clinical 
attachment gain at 6  months but no significant 
difference was found between the two treatments 
(Hägi et  al. 2015). Sub-gingival air-polishing 
with erythrol powder containing 0,3% CHX had 
similar efficiency at 12  months in reducing the 
number of periodontal pockets >4  mm but was 
less painful and better tolerated by patients than 
power-driven sub-gingival debridement (Müller 
et  al. 2014). Finally, sub-gingival air-polishing 
with trehalose powder had similar results to sonic 
debridement with regards to PPD and BOP 
reduction although it was better supported by 
patients. Each method resulted in a significant 
reduction of bacteria up to 6 months, thus con-

Fig. 16.5 Different subgingival air-polishing device nozzles (a) and (b) Air-N-Go-Easy-Perio nozzle (Acteon®); (c) 
Perio Flow nozzle (EMS®); (d) Subgingival Perio Tip (Mectron®)
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firming that air-polishing can be effective on the 
subgingival oral biofilm elimination during sup-
portive periodontal treatment. (Kruse et al. 2019).

Air-polishing is an efficient approach for bio-
film disorganization, it is fast and comfortable for 
patients but needs to be used in complement to 
initial mechanical debridement to remove miner-
alized sub-gingival deposits. It can however be 
recommended, alone, for periodontal supportive 
therapy as shown in a recent randomized control 
clinical pilot study (Kruse et al. 2020).

16.4.2  Photodynamic Therapy

Photodynamic therapy (PDT) operates with three 
components, light, a photosensitizer compound, 
and oxygen. The photosensitizer is administered 
to the patient and then activated by light at a spe-
cific wavelength; the excited photosensitizer 
transfers its energy to oxygen and generates 
 singlet oxygen and free radicals that in turn alter 
DNA and plasma membrane of surrounding cells 
(Konopka and Goslinski 2007). Initially used for 
cancer treatment, PDT has antimicrobial proper-
ties that have been used as an alternative to anti-
bacterial, antifungal, and antiviral treatments 
(Konopka and Goslinski 2007; Takasaki et  al. 
2009).

In periodontal therapy, PDT has been sug-
gested as an adjunctive approach to sub-gingival 
debridement. Toluidine blue O and methylene 
blue, which are able to directly target gram- 
negative and gram-positive bacteria while they 
don’t have any cytotoxic effects per se, can be 
used as sensitizers. Most sensitizers are activated 
by red light between 630 and 700 nm and histori-
cally, argon lasers or Nd.YAG lasers were used as 
light sources. Currently most in vivo studies use 
diode lasers to activate the photosensitizer and 
light-emitting diodes (LED) have been proposed 
(Takasaki et al. 2009). In vitro studies show that 
PDT is effective on Pg, Fn, Aa and in artificial 
biofilm models (Al Habashneh et  al. 2015; 
Schneider et al. 2012). Regarding in vivo studies, 
a recent review and meta-analysis concluded that 
PDT was an effective adjunctive therapy to sub- 
gingival debridement regarding clinical attach-

ment gain (Ramanauskaite et al. 2020). This is in 
accordance with a network meta-analysis con-
cluding that sub-gingival debridement associated 
with PDT was more effective than sub-gingival 
debridement alone at a 3 and 6 months follow-up 
regarding clinical attachment gain (Zhao et  al. 
2020b). However another review and meta- 
analysis comparing PDT  +  non-surgical treat-
ment to non-surgical treatment alone was unable 
to reach statistical significance due to study 
design heterogeneity (Salvi et al. 2020).

Although PDT is an interesting and promising 
approach, study designs are dramatically heter-
ogenous regarding sensitizers, lights, doses, 
power, and exposure times. Protocols must be 
standardized to establish strong conclusions and 
recommendations. The last EFP guidelines for 
the treatment of stage I-III periodontitis does not 
recommend it as an adjunctive therapy to sub- 
gingival debridement (Sanz et al. 2020).

16.4.3  Antiseptics

Numerous antiseptics have been tested as a com-
plement to non-surgical debridement, CHX, 
povidone-iodine, quaternary ammonium, triclo-
san, essential oils, sodium hypochlorite along 
with different methods of application, solutions, 
gels, slow-release systems and at various times of 
treatment.

16.4.3.1  Chlorhexidine (CHX)
A consensus conference of the EFP reviews the 
state of knowledge in 2020 about the use of dif-
ferent antiseptics and adjuvants applied either as 
an irrigation or as a device placed in periodontal 
pockets during sub-gingival debridement (Sanz 
et al. 2020). While several agents are not advo-
cated (statins, probiotics, bisphosphonates), the 
application of CHX remains recommended, 
essentially in solution in pre-therapeutical phases 
as a complement to oral hygiene measures, in the 
active phase of periodontal treatment and during 
post-surgical periods.

After sub-gingival debridement, in order to 
potentiate the results and avoid bacterial recon-
tamination, an adequate plaque control is neces-
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sary. Thus, during the XIth European Workshop 
on Periodontology, antiseptics adjuvants were 
recommended during the hygienic phase of peri-
odontal treatment. FMD protocol proposed by 
Quirynen includes the use of a 0,2% CHX solu-
tion twice daily during 2 weeks to delay recoloni-
zation by pathogen bacteria before sub-gingival 
debridement (Quirynen et  al. 1995). Indeed, 
CHX is bacteriostatic between 0,02% and 0,06% 
and bactericide between 0,12% and 0,2% and is a 
powerful anti-plaque agent (da Costa et al. 2017; 
Stratul et al. 2010). A recent systematic review of 
the literature showed that during sub-gingival 
debridement, the use of CHX irrigation doesn’t 
improve clinical parameters (PPD, CAL gain) 
whereas its utilization as slow-release com-
pounds (chips, gel or varnish) significantly 
reduces PPD and enhances CAL gain, compared 
with sub-gingival debridement alone 
(Ramanauskaite and Machiulskiene 2020; Zhao 
et al. 2020a).

16.4.3.2  Povidone Iodine
Povidone iodine is another highly studied anti-
septic agent. Its use as an irrigation solution dur-
ing sub-gingival debridement significantly 
reduces moderate pockets PPD (> 6 mm) (Denez 
et al. 2016; Sahrmann et al. 2010). Those results 
are in accordance with the fact that povidone- 
iodine significantly reduces the number of anaer-
obic bacteria, in particular Aa and Pg during the 
first month following its application (do Vale 
et al. 2016; Krück et al. 2012; Perrella et al. 2016; 
Sindhura et al. 2017).

16.4.3.3  Cetylpyridinium Chloride 
(CPC)

Cetylpyridinium chloride (CPC) is a monoca-
tionic quaternary ammonium compound. CPC is 
mainly used as an antimicrobial ingredient in 
over-the-counter products such as mouthwashes 
and dentifrices. These oral care products, easily 
available for customers, are marketed for reduc-
ing plaque accumulation and gingival inflamma-
tion (Mao et al. 2020). The antimicrobial efficacy 
of CPC has been shown in numerous, mostly 
in vitro, studies on planktonic microorganisms. A 

recent metanalysis concluded that CPC demon-
strated a higher interproximal plaque index and 
gingival inflammation reduction compared to 
placebo mouth-rinses (Langa et  al. 2021). 
However, the composition of the biofilm matrix 
retards its penetration, thus limiting its action to 
the outer layers when used as a mouth-rinse 
(Schwarz et  al. 2020). Therefore, bacteria in 
deeper biofilm layers may be exposed to sub- 
inhibitory concentrations when mouth-rinses are 
applied for clinically relevant treatment periods 
(i.e. 1 min).

When comparing the efficiency of 3 different 
preoperative mouthwashes (CPC, EO and CHX) 
to a placebo, results from the clinical trial led by 
Maximo et  al. on 300 patients with different 
periodontal status groups (healthy, gingivitis, 
periodontitis) show statically significant bacte-
rial reduction after the use of preoperative rinses 
(Máximo et  al. 2020). The periodontal status 
influenced, however, the antimicrobial activity 
of the different mouth-rinses. If all 3 mouth-
rinses could independently be used on healthy 
patients, CHX and EO were the most effective 
on periodontitis diseased ones (Máximo et  al. 
2020).

16.4.3.4  Hydrogen Peroxyde (H2O2)
As for hydroxide peroxide (H2O2), the most stud-
ied concentration is that of 1,5% and in the for-
mula of a mouthrinse. The results show an 
improvement as far as plaque control and gingivi-
tis and oral bacteria reduction compared to the 
placebo but the effects are lesser than that of 
CHX which remains the gold standard (Muniz 
et al. 2020; Rashed 2016). The bactericidal effect 
of H2O2 was demonstrated on planktonic bacteria 
and it could be used as pretreatment associated 
with antimicrobial photodynamic therapy (aPDT) 
(Kunz et  al. 2019). However, therapeutic sub-
stances such as H2O2 should be used cautiously 
since they can promote the degradation of 
titanium- based dental implants and abutments 
leading to the release of toxic ions and also have 
deleterious effects, at high concentrations, on the 
oral mucosa (Lin et al. 2019; Peñarrieta-Juanito 
et al. 2019).
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16.4.3.5  Clinical Recommendations 
and New Approaches 
(Table 16.5)

More recently, Figuero et  al. in a systematic 
review of the literature and meta-analysis have 
listed the use of different antiseptic agents (CHX, 

CPC, Essential Oils, Amin Fluoride, Stannous 
fluoride, triclosan-copolymer) and compared 
their action to placebos. The most commonly 
found in mouth-rinses are Essential Oils (EOs) 
and triclosan-copolymers in toothpastes. If all 
agents efficiently reduced gingival inflammation, 

Table 16.5 Summary of adjunctive periodontal therapies and clinical recommendations

Adjunctive therapy Molecule

Properties/
Mechanisms of 
action Efficacy Clinical recommendations

Air polishing 
powders (low 
abrasive powders)

Glycine Inhibits 
macrophage 
activation and 
reduces formation 
of free radicals

Erythritol Chemically neutral, 
water soluble and 
effective on Pg

Subgingival 
biofilm removal

With SRP in initial 
periodontal debridement

Trehalose Highly water- 
soluble and 
effective on 
Gram-negative 
anaerobic bacteria

> To manual or 
power-driven 
root 
debridement

Alone in periodontal 
supportive therapy

Photodynamic 
therapy (diode 
laser, 
photosensitizer, 
oxygen)

Toluidine Blue O Effective on Pg, 
Fn, Aa in artificial 
biofilms

Similar to 
non-surgical 
periodontal 
treatment

Not recommended

Methylene blue
Antiseptics Chlorhexidine 

(chips, gel, 
varnish, solution)

bacteriostatic 
(0,02–0,06%) 
bactericide 
(0,12–0,2%) 
anti-plaque agent

Before treatment 0,2% CHX 
mouthwash

Povidone Iodine Effective on 
anaerobic bacteria 
(Aa, Pg)

Reduce gingival 
inflammation

During sub-gingival 
debridement, irrigation with 
povidone-iodine or CHX

Triclosan Bactericidal effect Reduce Plaque 
Index

Essential oils Antimicrobial 
properties

Reduce BOP 
Index

Post treatment triclosan- 
copolymer- based toothpaste 
associated with essential oils 
mouthwash

Hydrogen 
Peroxyde

Bactericidal effect

Cetylpyridinium 
Chloride

Antimicrobial 
properties

Antibiotics Amoxicillin Effective on 
anaerobic bacteria 
and protozoans

Reduce tissue 
infiltrated 
bacteria

Severe periodontitis (during 
active phase of treatment) 
amoxicillin (500 mg three 
times a day) + metronidazole 
(250 mg or 500 mg three 
times a day) during 7 days

Metronidazole Reduce BOP 
Index
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plaque and bleeding indexes compared with man-
ual OH methods and placebos, improvement was 
significantly higher with CHX and essential oils 
used as mouthwash (plaque index reduction more 
effective than with a toothpaste) as well as with 
CHX and triclosan-copolymer-based toothpastes 
(Figuero et  al. 2020). This meta-analysis also 
reveals that in the long run, tooth discoloration 
and soft tissue irritation occur with those agents. 
In addition, CHX also induces reversible tongue 
coloration, lesions and taste alteration.

Given the literature, summarized in Table 16.5, 
a clinical protocol based on antiseptic adminis-
tration before, during and after non-surgical peri-
odontal treatment may be proposed. Thus, 
2  weeks before the debridement, a 0,2% CHX 
mouthwash can be prescribed twice a day. During 
sub-gingival debridement, either an irrigation 
with povidone-iodine or CHX-based slow-release 
systems could potentiate treatment benefits. 
Finally, in hygienic phase, the use of triclosan- 
copolymer- based toothpaste associated with 
essential oils mouthwash will allow to control 
gingival inflammation and enhance manual 
plaque control while reducing to a minimum 
adverse side effect.

Over-the-counter availability and extensive 
use of mouthwashes and toothpastes containing 
antimicrobial agents such as CHX, triclosan or 
EO may result in the selection of bacterial strains 
capable of having deleterious effects on compro-
mised individuals (Giuliano and Rybak 2015; 
Saleem et al. 2016; Webber et al. 2015). Clinicians 
should be well aware that the random and wide- 
spread use of antiseptics may lead to the emer-
gence of bacterial resistance (Cieplik et al. 2019).

Thus, new approaches are being investigated 
and the use of phytotherapy in the form of gel is 
increasingly studied, on the one hand for its anti- 
bacterial, anti-inflammatory and anti-oxidant 
effects and on the other hand for the absence of 
reported adverse effects (Moro et al. 2018). Other 
antiseptic agents have been studied but the more 
promising results are obtained with propolis- 
based gels, boric acid gels, desiccant gels con-
taining a blend of sulphonic/sulphuric acids 
usually used to treat aphthous stomatitis (Isola 

et al. 2018; Levine et al. 2020) or gels associating 
several antiseptic agents (1,4% H202, 0,1% CPC 
and sodium carbonate) as far as clinical (PPD, 
CAL, BOP), biological (IL-1β, IL-10, IL-6, 
TNF-α) and bacterial (red complex bacteria) 
parameters were concerned (Debnath et al. 2016; 
Kanoriya et  al. 2018; Sanghani and Bm 2014; 
Singhal et al. 2018). In addition, several studies 
showed that curcuma-based gels have similar 
efficiency as CHX (Anitha et  al. 2015; Hugar 
et al. 2016; Siddharth et al. 2020).

Recently, an oxygen transporter derived from 
the marine lugworm Arenicola marina, 
HEMARINA-M101 (M101) was tested. M101 is 
a natural extracellular hemoglobin whose effi-
cacy as an additive to preservation solutions for 
preventing ischemia/reperfusion injuries has 
been tested in vitro, in vivo and in preclinical 
studies. M101’s anti-inflammatory and anti- 
infectious potential, based on its anti-oxidative 
and tissue oxidation properties, have been tested 
in vitro on biofilm cultures containing Pg and  
in vivo in a Pg-induced subcutaneous calvarial 
abscess in a mouse model (Batool et  al. 2020). 
The results showed that M101 significantly 
reduced the release of pro-inflammatory cyto-
kines and also had an anti-bacterial effect on Pg 
confirming its pro-healing properties and making 
it a potential therapeutic agent in periodontal 
wound healing and regeneration (Batool et  al. 
2020).

16.4.3.6  Antibiotics
Some bacterial species involved in periodontal 
diseases have the ability to invade tissues (dentin, 
epithelial and connective tissues, oral mucosa, 
tongue and crevicular fluid) and as a conse-
quence, cannot be eliminated by mechanical ther-
apies like sub-gingival debridement. Moreover, 
mechanical treatment doesn’t have identical 
results on all subjects, probably due to insuffi-
cient maintenance of a bacterial flora biocompat-
ible with oral health and insufficient action on 
certain bacterial species, in particular the red 
complex, still present at 11,04% 1  year after 
treatment despite supportive therapy (27,7% 
before treatment) (Feres et  al. 2015; Goodson 
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et al. 2012; Mombelli 2018). In order to maintain 
a biocompatible flora, those levels should remain 
under 4,5% (Feres et al. 2015). 40 different spe-
cies have been identified in supra and sub- 
gingival biofilm samples and Socransky’s red 
complex is always present in the supra-gingival 
flora of patients with periodontitis (Ximénez- 
Fyvie et al. 2000). Thus, data converge to suggest 
that every periodontal pocket, even shallow, 
should systematically benefit from anti-infective 
therapy to reach full compatibility of bacterial 
flora. However, it is important to emphasize the 
risk of inducing bacterial resistance and imbal-
ance oral microbiota which is of major value in 
general health. In addition, oral ecology includes 
700–800 different morphotypes that makes it a 
challenge to find the ideal antibiotic, especially 
since new potential pathogens add up to the list of 
already classified complexes (Chen et  al. 2018; 
Mombelli 2018).

Antibiotic administration can be achieved 
either locally with supporting devices such as 
fibers, sponges, gels, microspheres, or adminis-
tered systemically. Several questions arise, what 
molecule? Which indication? How long? When? 
And which protocol?

16.4.3.7  Local Antibiotics
Numerous studies have explored the effects of 
locally administered antibiotics in periodontal 
treatment and general conclusions show small 
supplemental beneficial effects regarding PPD 
and CAL (in short term only) (Bonito et al. 2005; 
Herrera et al. 2020; Kaner et al. 2007; Mombelli 
et  al. 1997; Pavia et  al. 2004; Sakellari et  al. 
2010). The antibiotics delivered are mainly in 
forms of gels or fibers of tetracycline, doxycy-
cline or minocycline (Herrera et al. 2020; Jepsen 
and Jepsen 2016). They should be reserved after 
periodontal reevaluation in pocket depth > 4 mm 
with BOP (Drisko 2014).

New approaches are looked into as far as local 
antibiotic delivery systems. If the gel form 
ensures longer retention of the drugs in the peri-
odontal pocket, to improve treatment efficacy and 
reduce physicochemical and biological degrada-
tion of the gels, molecular inclusion strategies are 
being investigated. Among them, β-cyclodextrin, 

and poly-lactic-co-glycolic acid nanospheres 
seem promising (Lecio et al. 2020; Trajano et al. 
2020). Others such as Self-Assembling Peptide 
(SAP) hydrogels offer interesting results. In addi-
tion to classic polymeric systems, biophysical 
and chemical requirements such as syringability, 
adhesion to tooth surfaces, biodegradability and 
non-cytotoxicity, SAP offers the advantage of 
enabling direct incorporation of drugs at high 
concentrations during the self-assembling pro-
cess. Not only can it be applied directly into a 
defect in a minimally invasive manner, but it also 
has an intrinsic antimicrobial activity and can act 
as a fibrillar scaffold for cells promoting cellular 
growth and differentiation. Given these different 
properties SAPs could be good candidates for 
periodontal therapy and wound healing (Koch 
et al. 2019).

16.4.3.8  Systemic Antibiotics
A Cochrane literature review concluded that 
there is weak evidence of benefits resulting from 
antibiotic therapy in non-surgical phase of peri-
odontal treatment, and especially a lack of evi-
dence regarding the more suitable molecule 
(Khattri et al. 2020). Another review shows that 
antibiotic treatment benefits are questionable in 
light and moderate periodontitis (Pretzl et  al. 
2019). For several authors, in the presence of 
numerous periodontal pockets >4 mm with BOP, 
or in high-risk patients, systemic antibiotics are 
necessary and the association of amoxicillin and 
metronidazole seems to be the more effective 
(Drisko 2014; Feres et  al. 2015; Khattri et  al. 
2020; Kolakovic et al. 2014; Mestnik et al. 2012; 
Silva et al. 2011).

16.4.3.9  Timing
One may wonder if antibiotic therapy would be 
more efficient during active treatment phase or 
reevaluation since after mechanical debridement, 
bacterial recolonization occurs during the follow-
ing 3  months. On another hand, antibiotic pre-
scription during active treatment phase in severe 
periodontitis would allow to obtain a biocompat-
ible environment faster. During maintenance 
phase, antibiotic administration depends on clini-
cal and microbiological parameters (number of 
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residual pockets >5 mm, BOP, evolving nature of 
the disease) (Feres et al. 2018; Khattri et al. 2020; 
Pretzl et al. 2019). In quadrant-wise sub-gingival 
debridement, there is no consensus regarding the 
administration of antibiotics at the start or the end 
of sessions if they are spaced in time.

16.4.3.10  Dose and Duration 
(Table 16.5)

There is in the scientific literature a large hetero-
geneity of protocols regarding does and duration 
of antibiotic treatments. It seems that the more 
effective prescription would be the association of 
amoxicillin (500 mg three times a day) and met-
ronidazole (either 250 mg or 500 mg three times 
a day) should not exceed 7 days in order to ensure 
patient compliance and reduce the risk of bacte-
rial resistance (Feres et  al. 2015; Jepsen and 
Jepsen 2016; Sanz et al. 2008).

The slight additional benefit of antibiotics 
should, however, not undermine the effect of 
proper non-surgical therapy and patient behav-
ioral risk factors modification.

16.5  Innovative Approaches 
in Periodontal Non-surgical 
Therapy (Table 16.6)

Due to its anatomical and histological complex-
ity, the diversity of the dysbiotic biofilm and the 
various, individual/host responses to therapy, 
periodontal treatment and wound healing is still 
challenging. Novel approaches by the ways of 
phototherapy, the use of pre and probiotics and 
cellular therapy are widely studied and described 
in other chapters. Other promising local or sys-
temic therapeutic approaches are also 
investigated.

16.5.1  Cold Atmospheric Plasma

Plasma is described as the fourth fundamental 
state of the matter. There are various biomedical 
applications of nonthermal plasma, such as steril-
ization (Hoffmann et al. 2013; Rossi et al. 2005). 
However, its production at an atmospheric pres-

Table 16.6 Summary of innovative approaches and potential future clinical applications

Innovative 
Approaches Molecule/Active Principle Properties

Mechanisms of 
action

Potential clinical 
applications

Cold 
Atmospheric 
Plasma

Cold Atmospheric 
Plasma
Plasma jet handpieces
Plasma activated water

Production of RONS
Anti-bacterial
Osteo-inductive

Subgingival 
biofilm removal
> To manual or 
power-driven root 
debridement

Adjunctive 
periodontal 
therapy
Periodontal 
supportive therapy

Host 
Modulation 
therapy

-Subantimicrobial Dose 
Doxycycline
-PUFAs, Resolvin E1, 
ω-3 with aspirin

Anti-inflammatory 
properties
Inhibition of MMP-8, 
MMP-9
Anti-inflammatory lipid 
mediators

Reduces bone 
resorption and 
connective-tissue 
destruction
Suppresses bone 
loss
Restores levels of 
IL-1β and 
C-reactive protein
Improves 
periodontal 
parameters

Adjunctive 
periodontal 
therapy

Antimicrobial 
peptides

LL-37, HNP1-3, 
substance P, 
adrenomedullin, 
azurocidin, CCL28

Immunomodulatory 
properties on innate and 
adaptive immune 
response

Positively 
correlated with 
PPD and CAL

New biomarkers 
for early diagnosis 
of periodontal 
disease or relapse

Tissue 
oxidation

HEMARINA-M101 
extracellular hemoglobin

Anti-oxidative
Anti-inflammatory
Anti-infectious properties

Antibacterial 
effect on Pg 
in vivo and in 
vitro

Wound healing and 
periodontal 
regeneration
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sure (Cold Atmospheric Plasma, or CAP) made 
possible its use for other medical applications 
(wound healing, blood coagulation, antibacterial 
treatment, endothelial cell proliferation, …) 
(Metelmann et  al. 2015). CAP induces both 
physical effects (production of ultraviolet rays, 
heat and electromagnetic fields) as well as chem-
ical effects (production of RONS). Whereas the 
physical effects seem to have a negligible cellular 
impact (Guerrero-Preston et  al. 2014; Panngom 
et  al. 2013), RONS may induce cell membrane 
alterations, an increase in intracellular reactive 
oxygen species (ROS), a decrease of the antioxi-
dant potential and DNA double strand brakes, 
and subsequently apoptosis (Yan et al. 2017). The 
use of CAP in periodontology is interesting 
because it involves many reactive species that 
will be able to interact by complex biochemical 
processes, locally and remotely, on many cells. 
Its anti-bacterial activity has recently been shown 
on periodontopathogens such as Pg (Hirano et al. 
2019) and its bactericidal and osteo-inductive 
properties are already explored in the treatment 
of peri-implantitis (Preissner et  al. 2019; Yang 
et al. 2018), in bone healing and on osteoblasts  
in vitro (Canullo et  al. 2017; Kleineidam et  al. 
2019) and even on bone substitute biomaterials 
(Canullo et al. 2020).

In periodontal treatment, its application could 
be direct by using plasma-jet handpieces as 
adjunctive treatment associated with periodontal 
debridement as recently shown in a clinical study 
(Küçük et  al. 2020) or indirect via plasma- 
activated fluids (PAW: Plasma Activated Water) 
(Li et  al. 2017). Because of its very localized 
action, it can be hypothesized that it can promote 
the migration, healing and cellular proliferation 
of the cells necessary for periodontal healing 
without unbalancing the oral microbiota. 
However, further studies especially on multi- 
layered biofilms remain necessary (Jungbauer 
et al. 2021).

The field of plasma medicine if well devel-
oped and investigated in the treatment of cancer 
and wound healing still needs to be explored in 
periodontal treatment but might become an inter-
esting alternative to periodontal debridement 
with ultrasonic devices in the future.

16.5.2  Host Modulation Therapy 
(HMT)

Historically, the first use of the term “host modu-
lation” was based on the unexpected non- 
antibiotic but anti-collagenolytic properties of 
tetracyclines (Golub et al. 1992). Subantimicrobial 
dose doxycycline (SDD) was shown to reduce 
significantly the severity of periodontitis by 
reducing the levels of inflammatory mediators 
such as IL-1β and TNF-α, but also bone resorp-
tion and connective-tissue destruction by the 
inhibition of host-derived matrix metalloprotein-
ases (MMP-8, MMP-9) (Golub et al. 2016; Golub 
and Lee 2020; Preshaw 2018). Previous studies 
have also investigated the role of polyunsaturated 
fatty acids (PUFAs). In in-vivo animal models, 
Resolvin E1, an endogenous anti-inflammatory 
lipid mediator derived from Omega-3 (ω-3) 
eicosapentaenoic acid, seems to suppress bone 
loss and restore systemic levels of IL-1β and 
C-reactive protein, also attenuating the inflam-
matory signal leading to periodontal destruction 
with no unwanted side-effects (Balta et al. 2017; 
Hasturk et  al. 2007; Sulijaya et  al. 2019). 
Concerning the effect of ω-3, another PUFA, on 
periodontitis, studies have shown an in-vitro 
reduction of IL-1β and TNF-α (Caughey et  al. 
1996). If ω-3 supplementation alone showed no 
improvement as far as gingivitis reduction was 
concerned, used associated with aspirin as an 
adjunctive therapy with SRP, clinical periodontal 
parameters seemed to improve positively 
(Campan et al. 1997; Deore et al. 2014; Sulijaya 
et al. 2019). However, most of the HMT conclu-
sions are drawn from either in-vitro or in-vivo 
animal studies. If their results are promising, 
clinical human studies and precise guidelines are 
still needed in order to recommend and include 
them in a daily practice.

16.5.3  Antimicrobial Peptides (AMPs)

AMPs can affect homeostasis of the oral cavity 
through broad or selective killing of bacteria, but 
also, due to their immunomodulatory properties, 
they can influence both the innate and adaptive 
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immune response (Gorr and Abdolhosseini 2011; 
Tonetti et al. 2011). The most studied AMPs are 
LL-37, α- and β-defensins. A recent systematic 
review on the subject reveals that, in saliva, some 
AMPs such as LL-37, HNP1–3, substance P, 
adrenomedullin, azurocidin and some others 
were increased in periodontal disease while oth-
ers like calcitonin gene-related protein or neuro-
peptide Y were decreased (Jourdain et al. 2019). 
In the gingival crevicular fluid and saliva, LL-37, 
substance P, adrenomedullin and CCL28 are pos-
itively correlated with PPD and clinical attach-
ment loss (Jourdain et  al. 2019). In addition to 
understanding the role of specific AMPs in peri-
odontal disease pathology, the difference in their 
expression could lead to the development of more 
precise salivary markers for early diagnosis of 
periodontal disease or relapse (Giannobile et al. 
2009). Future studies are needed to homogenize 
sample types and techniques used to assess and 
determine which AMPs would be the most rele-
vant periodontal biomarkers.

16.6  Conclusion and Perspectives

Nowadays, periodontitis diagnosis using the 
pluri-dimensional classification according to 
stages and grades leads to a more personalized 
patient-centered treatment that also takes into 
consideration the patient’s medical history. 
However, although scientific knowledge is con-
stantly evolving, the base of periodontal treat-
ment remains unchanged, bacterial load and 
inflammation control. Since the development of 
sonic and ultrasonic power-driven instruments 
there has not been any major breakthrough in the 
biofilm disorganization approach. Of course, 
innovative approaches like air-polishing, PDT, 
CAP and HMT are of considerable interest but 
they cannot yet replace classical mechanical 
debridement due to the heterogeneity of the stud-
ies and seem more effective if used as adjunctive 
therapies. The need of standardized controlled 
trials is still necessary to really assess those inno-
vative approaches.
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Abstract

Aim: to provide an update of the evidence on 
the effect of oral hygiene instructions (OHI), 
dental plaque control and in the prevention 
and treatment of periodontitis.

Methods: Literature searches were per-
formed using MeSH terms, keywords and free 
words and were published between 2015 and 
November 2020. The data from the articles 
were summarized in a narrative review.

Results: Data concerning the influence of 
OHI on periodontal features, the impact of 
OHI before periodontitis non-surgical treat-
ment, its efficacity on periodontitis prevention 
and maintenance of healthy periodontium 
were summarized in the tables of the present 
narrative review.

Conclusion: as prevention is better than a 
cure, it is relevant to bring in light the role of 
oral hygiene instructions, the patient self- 
control of dental plaque as well as the profes-
sional mechanical plaque removal in the 
prevention of periodontitis.
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17.1  Introduction

Oral health (OH) is multifaceted and includes 
namely, the ability to speak, smile, smell, chew, 
without pain or discomfort (Tonetti et al. 2013) 
being also an indicator of overall health, well- 
being and quality of life (Clark-Perry and Levin 
2020). Among the oral health conditions, peri-
odontitis interferes with general health as with 
specific non-communicable diseases (NCDs), as 
cardiovascular pathologies and diabetes (Jin 
et al. 2016; Jin 2013). Periodontitis is defined as 
a chronic inflammatory disease, characterized by 
gram negative bacteria organized in a dental bio-
film, leading to a chronic non-resolving and 
destructive inflammatory processes inside the 
gingiva (Jepsen et al. 2017; Meyle and Chapple 
2015). Approximately fifty percent of the adult 
population suffer from this chronic disease (Eke 
et  al. 2016), and severe periodontitis affects 
11.2% of the population (Kassebaum et  al. 
2014). The disease involves firstly the progres-
sive destruction of the supporting tissues around 
teeth (Meyle and Chapple 2015; Schenkein 
2006; Haffajee and Socransky 1994; Amano 
2000a, b), and secondly, due to mastication and 
tooth brushing, periodontitis induces the dissem-
ination of periodontal pathogens or/and their 
sub-products (SPs) from the pocket depth to the 
blood circulation (Forner et al. 2006).

This bacteremia contributes to increase the 
systemic inflammation and promoting the colo-
nization of periodontal bacteria on an extra-oral 
site (Van Dyke et al. 2020; Loos 2005; Graziani 
et  al. 2018a; Szulc et  al. 2015; Tonetti et  al. 
2013; Mealey 1999; van Winkelhoff and Slots 
1999) both implicated in the relationship 
between periodontitis and chronic NCDs 
(Graziani et al. 2018a; Sanz et al. 2018; Tonetti 
et al. 2013; Salhi et al. 2019, 2020b). In fact, as 
periodontal bacteria are able to translocate from 
periodontal niches to distant oral organ, that 
contribute to a negative impact on general health 
(GH) (Pasnik-Chwalik and Konopka 2020; Slots 

Considerations for Practice
• Oral hygiene instructions (OHI) should 

be considered as a first part of the peri-
odontal treatment

• The effect of OHI should be evaluated at 
each time of periodontal treatment

• The prevention of periodontitis recur-
rence is limited when efficient plaque 
control is provided by both patient and 
professional

Patient Summary
• A good oral health begins with the con-

trol of dental plaque
• The efficient use of oral hygiene devices, 

explained by professional, prevents 
periodontal disease

• To avoid recurrence of periodontal dis-
ease, the patient should be involved in a 
maintenance program to evaluate his 
plaque control and to help him to main-
tain it

• The prevention of any disease is better 
than a cure, do not hesitate to ask your 
dental practitioner for a periodontal 
screening

• Prevention prevents periodontal disease 
genesis

• Maintenance and motivation aim to con-
trol the progression of periodontal 
disease

• Powered toothbrush in combination 
with interdental brushes allow to main-
tain a healthy periodontium
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2003; Kumar 2017) (called the focal infection 
theory (Kumar 2017)), the control of an oral 
microbiome is required for both periodontal 
health (Guerra et  al. 2018) and GH.  As peri-
odontitis is largely preventable, the control of 
the etiological factor of the disease is needed by 
the control of dental plaque accumulation 
towards adequate personal oral hygiene (OHI) 
and professional care.

Therefore, the aim of this review is to bring in 
light the updated evidence on the relevance of 
plaque control in the periodontitis physiopathology, 
focusing on the genesis, the treatment, the main-
tenance, and the prevention of the disease.

17.2  Methods

This narrative review was focused on recent stud-
ies between 2015 and 2020. The literature search 
was performed on PubMed, and inclusion criteria 
were systematic reviews, consensus reports and 
randomized controlled trials assessing oral 

hygiene, plaque control, oral hygiene instruction, 
and periodontitis prevention.

17.3  Results

17.3.1  Effect of Plaque control 
on Periodontal Features- 
Periodontitis Genesis

The effect of plaque control on periodontal 
features- periodontitis genesis is summarized in 
Table 17.1.

A recent Cochrane systematic review based 
on 35 studies (Worthington et  al. 2019), con-
cluded that using floss or interdental brushes in 
addition to toothbrushing reduce gingivitis or 
plaque, or both, aiming to prevent and control 
periodontal diseases. The conclusion of the 
authors was previously described in other sys-
tematic review with meta-analysis (Kotsakis 
et al. 2018; Lertpimonchai et al. 2017), random-
ized control trial (De David et al. 2018; Graziani 

Table 17.1 The effect of plaque control on periodontal features- periodontitis genesis

Authors Study design Conclusion
Worthington 
et al. (2019)

Systematic review on 35 studies Using floss or interdental brushes in addition to 
toothbrushing reduce gingivitis or plaque, or both, more 
than toothbrushing alone.
Interdental brushes reduce gingivitis more than flossing
The conclusions were based on evidences characterized as 
low to very low-certainty, and the effect sizes observed 
may not be clinically important

Kotsakis et al. 
(2018)

Meta-analysis on 22 studies Interdental brushes led to a reduction of 64.7% of GI 
water-jet led 27.4% of GI

De David et al. 
(2018)

Controlled study on 52 subjects that 
received for 30 days OH at 12-, 24-
(group 1), or 48-, 72-h (group 2) 
interval

Oral hygiene frequencies are required to maintain gingival 
health, observed by plaque formation

Graziani et al. 
(2018b)

Randomized controlled trial on 60 
periodontally healthy patients

Interdental picks were associated with reduced interdental 
full mouth bleeding score when compared to flossing 
(p < 0.05)
Use of interdental brushes or rubber picks reduces more 
interdental plaque in comparison with toothbrushing alone

Jepsen et al. 
(2017)

Consensus report The management gingivitis required
Self-performed oral hygiene and interdental cleaning
Professional tooth cleaning, oral hygiene instruction and 
motivation

Lertpimonchai 
et al. (2017)

Systematic review and meta- 
analysis on 15 studies reported OH 
as categorical

OH decreases the risk of periodontitis by two- to five-fold.
Regular toothbrushing and dental visits reduced the risk to 
periodontitis genesis

IOH interproximal oral hygiene, GI gingival index, OH oral hygiene
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et al. 2018b) and consensus report (Jepsen et al. 
2017). OH decreases the risk of periodontitis 
genesis by two- to five-fold (Lertpimonchai 
et al. 2017) and, self-performed oral hygiene and 
interdental cleaning was required to manage gin-
givitis (Jepsen et al. 2017). Interdental brush was 
seen to be more efficacious than the majority of 
the alternative oral hygiene in gingival index 
reduction (Worthington et  al. 2019; Kotsakis 
et  al. 2018; Richards 2018), plaque reduction 
(Worthington et al. 2019; Graziani et al. 2018b).

17.3.2  Effect of Oral Hygiene Devices 
on Periodontal Features

The effect of oral hygiene devices on periodontal 
features is summarized in Table 17.2.

Recent systematic reviews with meta-analysis 
(Elkerbout et al. 2020; Wang et al. 2020; Clark- 
Perry and Levin 2020), randomized control trials 
(RCT) (Starke et  al. 2019a, b; Cui et  al. 2017; 
Delaurenti et al. 2017; Schmalz et al. 2017) and 
consensus (Chapple et  al. 2015) described that 
powered tooth brushing (PTB) reduced signifi-
cantly dental plaque (Elkerbout et al. 2020; Wang 
et al. 2020; Starke et al. 2019a, b; Cui et al. 2017; 
Delaurenti et al. 2017; Schmalz et al. 2017), gin-
gival bleeding (Wang et  al. 2020; Starke et  al. 
2019a, b; Delaurenti et al. 2017; Schmalz et al. 
2017) and gingival inflammation (Wang et  al. 
2020; Starke et  al. 2019a, b; Cui et  al. 2017; 
Delaurenti et al. 2017) than manual tooth brush-
ing (MTB). In addition, the use of calibrated 
interdental brushes reduces significantly inter-
dental bleeding and plaque when used with PTB 
(Chapple et  al. 2015; Bourgeois et  al. 2016; 
Sambunjak et al. 2019).

17.3.3  Effect of OH Before 
Periodontitis Non-surgical 
Treatment -Periodontitis 
Treatment

The effect of OH before periodontitis non- 
surgical treatment -periodontitis treatment is 
summarized in Table 17.3.

Recent research on controlled trials (Preus 
et al. 2020; Salhi et al. 2020a) demonstrated that 
patients who received strict oral hygiene phase 
prior to periodontitis treatment experienced a sig-
nificant reduction of plaque, bleeding on probing 
BOP, and pocket depth.

17.3.4  Effect of OH on Periodontitis 
Prevention and Maintenance 
of Healthy Periodontium

The effect of OH on periodontitis prevention and 
maintenance of healthy periodontium is summa-
rized in Table 17.4.

Recent systematic reviews (Slot et  al. 2020; 
Figuero et al. 2017) and consensus report (Müller 
Campanile et al. 2019) highlighted the efficacity 
of combined professional and self-performed 
mechanical plaque removal in the prevention of 
periodontal diseases. Concerning the periodontal 
maintenance care, a recent systematic review with 
meta-analysis (Slot et al. 2020) on the efficacy of 
mechanical oral hygiene devices showed that the 
use of the interdental brushes (IDBs) reduced 
more effectively dental plaque than a manual 
toothbrush alone. Furthermore, in a cross sec-
tional study on 100 patients, the authors con-
cluded that tooth loss can be contained when 
patients underwent to regular maintenance 
(Müller Campanile et al. 2019), that findings were 
already previously described in the systematic 
review of Trombelli et al. (2015). Finally, a recent 
consensus (Sanz et al. 2015) on the effective pre-
vention of periodontal and peri-implant diseases 
supported that, in addition to professional 
mechanical plaque removal, secondary preven-
tion of periodontitis should also include the evalu-
ation of oral hygiene performance, motivation 
and re-instruction in oral hygiene practices.

17.4  Discussion

Dental plaque accumulation, at and below the 
gingival margin, is the primary etiological risk 
factor for the development of gingivitis and fur-
ther periodontitis (Mariotti 1999; Albandar et al. 

L. Salhi et al.



333

Table 17.2 The effect of oral hygiene devices on periodontal features

Authors Study design Conclusion
Elkerbout et al. 
(2020)

Systematic review and meta- analysis on 
17 studies

Based on 28 comparisons assessed toothbrushing 
efficacy according to the plaque index score (Q 
& HPI and RMNPI):
PTB showed a significant effect compare to 
MTB, the difference was
  −0.14 (P < 0.001; 95%CI [−0.19; −0.09]) for 

the Q & HPI and,
  −0.10 (P < 0.001; 95%CI [−0.14; −0.06]) for 

the RMNPI
Wang et al. (2020) Systematic review and meta- analysis on 

21 studies
PTB more effective in reducing dental plaque, 
gingivitis and bleeding compared with MTB

Clark-Perry and 
Levin (2020)

Systematic review and meta- analysis on 
respectively 15 and 12 studies

OR PTB reduced statistically plaque index 
(p < 0.01) and number of bleeding sites 
(p < .001), than other PTB

Starke et al. 
(2019a)

Randomized controlled study on 148 
patients
Effect of PTB or MTB on gingivitis and 
plaque following two and four weeks of 
home use
  PTB, n = 74
  MTB, n = 74

PTB was statistically significantly superior to 
MTB in reducing gingival inflammation, gingival 
bleeding, and plaque

Starke et al. 
(2019a)

Randomized controlled study on 2188 
patients evaluating the effect of PTB and 
MTB on plaque and gingivitis

PTB was statistically significantly superior to 
MTB in reducing gingival inflammation, gingival 
bleeding, and plaque

Sambunjak et al. 
(2019)

Systematic review on 12 studies Flossing in addition to toothbrushing reduces 
gingivitis compared to toothbrushing alone.

Cui et al. (2017) Randomized controlled trial on 42 patients PTB reduced plaque and gingivitis more than 
MTB

Delaurenti et al. 
(2017)

Randomized controlled trial on 144 
patients, using twice-daily home use of
  PTB, n = 77
  MTB, n = 77

PTB was statistically significantly more effective 
than MTB in reducing supragingival plaque, 
gingival inflammation, and gingival bleeding 
following

Schmalz et al. 
(2017)

Randomized clinical study on 72 patients, 
influence of different devices on 
periodontal clinical parameters
  OR, n = 24
  SA, n = 24
  MTB,n = 24

  SA significantly reduced the bleeding 
compared to OR and MTB (P < 0.01).

  OR significantly improved in the plaque 
removal than MTB (P = 0.01).

  SA significantly reduced the probing pocket 
depth compared to MTB

Bourgeois et al. 
(2016)

Randomized controlled trial on 46 patients
  Standard manual toothbrush twice daily 

and an interdental brush daily (n = 23)
  Standard manual toothbrush (n = 23)

Daily use of calibrated interdental brushes 
reduces interdental bleeding

Chapple et al. 
(2015)

Workshop with 2 meta-reviews 
(mechanical plaque control) and 2 
systematic reviews (chemical plaque 
control/anti-inflammatory agents)

PTB provide small but statistically significant 
additional reductions in gingival inflammations 
and plaque scores
Interdental brushes are the device of choice for 
the interproximal plaque removal
Flossing cannot be recommended it, unless the 
interdental brushes will not pass through the 
interproximal area without trauma
Use of systemic or anti-inflammatory agents in 
the management of gingivitis has no robust 
evidence base

Q & HPI Quigley-Hein plaque, RMNPI index or the Rustogi modified Navy plaque index, PTB powered toothbrush, 
MTB manual toothbrush, OR oscillating-rotating, SA sonic-active
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Table 17.3 The effect of oral hygiene before periodontitis non-surgical treatment -periodontitis treatment

Authors Study design Conclusion
Preus et al. (2020) Randomized controlled trial on 44 patients

  Strict oral hygiene phase 3 months prior to 
periodontitis treatment

  Did not receive any instructions or motivation
  On oral hygiene prior to periodontitis treatment

Strict oral hygiene phase prior to 
periodontitis treatment reduced 
plaque, BOP and pocket depth 
(p < 0.001)

Salhi et al. (2020a) Controlled study on 34 non-, 25 former-
And 32 current- smokers
Effect of OHI and periodontitis non-surgical 
treatment

OHI led to a significant decrease of 
PD, BOP, and PISA only in non-
smokers and former smokers 
(p < 0.0001)

Table 17.4 The effect of oral hygiene on periodontitis prevention and maintenance of healthy periodontium

Authors Study design Conclusion
Slot et al. (2020) Systematic review and 

meta-analysis on 17 studies
Interdental brushes (IDBs) reduced plaque scores more 
effectively than a manual toothbrush alone

Müller Campanile et al. 
(2019)

Cross sectional study on 
100 patient treated for 
periodontitis

Tooth loss and periodontal tissue damage can be 
contained over prolonged periods if periodontal disease is 
treated and patients attend regular maintenance care

Figuero et al. (2017) Systematic review on 27 
studies

Combined professional and self-performed mechanical 
plaque control significantly reduces plaque index 
(p = 0.003) and (p = 0.002)

Tonetti et al. (2015) Consensus report Repeated and individualized oral hygiene instruction and 
professional mechanical plaque removal are important 
components of preventive programs

Sanz et al. (2015) Consensus report Professional mechanical plaque removal in the context of 
secondary prevention of periodontitis should also include 
the evaluation of oral hygiene performance, motivation 
and re-instruction in oral hygiene practices.

Trombelli et al. (2015) Systematic review on 19 
studies

Professional plaque removal may limit the incidence and 
yearly rate of tooth loss as well as the loss in clinical 
attachment in patients treated for periodontitis.

Van der Weijden and 
Slot (2015)

Meta review on 10 
systematic review

Tooth brushing is effective in reducing levels of dental 
plaque. With respect to gingivitis power toothbrushes 
have a benefit over manual toothbrushes

1998). Although not all cases of gingivitis evolve 
to periodontitis, the calculus removal and the 
management of gingivitis by daily effective self- 
performed mechanical plaque control and the 
motivation of oral health by professional are a 
fundamental in the prevention and the mainte-
nance of periodontitis (Jepsen et  al. 2017; 
Worthington et  al. 2019). This narrative review 
discloses the updated evidences on the effect of 
plaque control on the prevention of periodontitis 
genesis (Table 17.1), the efficacity of oral hygiene 

devices (Table  17.2), the effect of OH on the 
treatment of the disease (Table 17.3), as well as 
the maintenance of periodontal health and the 
prevention of the disease (Table 17.4) (Chapple 
et al. 2015; Ramseier et al. 2017).

Since management of gingivitis is considered 
as the main prevention of periodontitis (Chapple 
et  al. 2015), both oral hygiene instructions and 
motivation provided by dental professionals, and 
patient self-performed mechanical plaque control 
are required to the control of dental biofilm and 
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gingivitis. Recent systematic review (Worthington 
et  al. 2019; Richards 2018) and meta-analysis 
(Kotsakis et al. 2018) support that oral hygiene 
lowers the risk of gingivitis and plaque accumu-
lation. Additionally, the frequency of OH 
(Lertpimonchai et al. 2017; De David et al. 2018) 
as well the use of interdental brushes (Worthington 
et al. 2019; Kotsakis et al. 2018; Richards 2018) 
are efficient to maintain gingival health. These 
evidences have been already described in the 
consensus report of the joint European Federation 
of Periodontology and European Organization 
for Caries Research (EFP/ORCA) (Jepsen et al. 
2017) which concluded that self-performed oral 
hygiene and interdental cleaning, as well as pro-
fessional oral hygiene instructions are essential 
to the management of gingivitis. When focusing 
on the efficacity of dental devices in the reduc-
tion of plaque control and bleeding on probing, 
recent systematic reviews (Elkerbout et al. 2020; 
Wang et al. 2020; Clark-Perry and Levin 2020) 
and randomized controlled trials (Starke et  al. 
2019a, b; Cui et al. 2017; Delaurenti et al. 2017; 
Schmalz et  al. 2017) supported the benefit of 
powered tooth brush (PTB) over to manual ones. 
According to Chapple et  al. (2015), powered 
toothbrushes present greater short- and long-term 
reductions in plaque indices and gingival inflam-
mation when compared to manual ones. In addi-
tion to PTB, the use of daily interdental brushes 
reduces interdental bleeding (Bourgeois et  al. 
2016; Sambunjak et al. 2019).

Nevertheless, regarding the effect of oral 
hygiene on periodontitis non-surgical treatment 
(PNST), only few studies evaluated and quanti-
fied OH as an individual component of the PNST. 
Preus et al. (2020) and Salhi et al. (2020a) con-
cluded that strict oral hygiene phase prior to peri-
odontitis treatment significantly decreased 
plaque, bleeding on probing as well as pocket 
depth. The combination of professional and self- 
performed mechanical plaque control reduces the 
plaque index, and therefore contributes to the 
maintenance of a healthy periodontium and the 
secondary prevention of periodontitis (Slot et al. 
2020; Figuero et al. 2017). In addition to the role 
of mechanical plaque control, the motivation, and 
the promotion of oral health by professional can 

participate to improve the oral health care and 
education, consolidating the periodontal treat-
ment (Nakata et  al. 2019; Garyga et  al. 2019; 
Stenman et al. 2018).

This evidence has been supported in the con-
clusions of the 11th consensus report of the 
European Workshop on Periodontology (2015) 
on effective prevention of periodontal and peri- 
implant diseases (Sanz et al. 2015).

After active periodontal therapy, patients can 
fall in two different categories: patients with 
reduced but healthy periodontium and patients 
with gingival inflammation. The first group pres-
ents a risk on recurrence and the second one a 
risk of progression. Yet, the risks of disease recur-
rence after periodontal therapy are a reality and 
the control of systemic and local risk factors 
highly important. Firstly, the constant self- 
motivation of the periodontal compromised 
patient is always a challenge in maintaining 
plaque control, smoking cessation, keeping a bal-
anced diet and maintaining control of diabetes 
(Chapple et  al. 2013). Secondly, the supportive 
periodontal care (SPC) performed by dental 
health professionals, remains strictly important 
in the detection of disease recurrence and resur-
gence of subgingival biofilm (Müller Campanile 
et al. 2019). Ideally, supportive periodontal ther-
apy should be optimized to the specific patient’s 
risk profile and to the periodontal conditions after 
active therapy (Sanz et al. 2020). The importance 
of adherence to the SPC is crucial for long term 
periodontal stability, further improvements in the 
periodontal status. Irregular compliances are inti-
mately related with more tooth loss and disease 
progression (Costa et al. 2014).

Nevertheless, it is relevant to not forget the 
precursors of the reflection on the impact of oral 
hygiene on periodontal disease. In the past cen-
tury, Lövdal (Lovdal et  al. 1958) and Arno 
(Arno et al. 1958) explained, in 1958, the exis-
tence of a close correlation between periodontal 
destruction and oral debris. These findings will 
then evidence, in 1964, by Theilade (1964) who 
demonstrated microscopically that an intimate 
anatomical relationship exists between bacteria 
and the gingival tissues. Further clinical obser-
vations supporting the observation of the pio-
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neers raised, with the combined effect of 
subgingival scaling and controlled oral hygiene 
on the incidence of gingivitis (Lovdal et  al. 
1961) and, with the production of an experimen-
tal gingivitis by Loe et  al.(1965). Therefore, 
there is a need to continue research of our 
fathers with the influence of oral hygiene on 
periodontal disease prevention, genesis, and 
treatment.

17.5  Conclusion

Despite, the lack of recent evidence litterature 
based on the effect of OHI on periodontal non- 
surgical treatment, the clinical evidence of the 
negative relationship between dental plaque 
exists. Therefore, the control of oral hygiene and 
plaque accumulation by both professional and 
patient contribute to healthy periodontium and 
should be considered as the most important part 
of the periodontal treatment.
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Abstract

The efficacy of photonic therapy adjunctive to 
conventional root cleansing procedures for the 
treatment of chronic periodontitis is matter of 
controversy. The meta-analyses of the clinical 
data available in the literature have failed to 
reach univocal conclusions because of broad 
variability among the applied photonic treat-
ments, different in terms of light-emitting 
devices (laser or LED), wavelengths, irradiation 
power and modes, clinical indications, disease 
grading, follow-up times, and results assess-
ment. Hovever, this complexity can also favour 
a different interpretation, which assigns a spe-
cific role to each photonic treatments in order to 
improve the outcome of the conventional treat-
ments, in terms of reduction of periodonto-
pathogenic bacteria and local inflammation, and 
increased regeneration of alveolar bone, peri-
odontal ligament and gingiva. In this context, 
distinction should be made between high- and 
low-energy photonic therapies: the former can 

be used to achieve photoablation of the infected 
dental/periodontal tissues, while the latter can 
be used for anti-bacterial, anti-inflammatory 
and tissue biostimulation purposes. Recently, 
we and others have applied a multi-photonic 
protocol which combines laser photoablation of 
the infected epithelium, standard mechanical 
root cleansing and low-energy antiseptic photo-
therapy with a λ 405 nm LED in a first surgical 
session. Then, antisepsis is maintained by 
weekly sessions of photodynamic therapy with 
a solution of methylene blue photoactivated 
with a λ 635 nm low-energy laser to release bac-
tericidal reactive oxygen species. The satisfac-
tory objective results and patients’ liking 
support the view that such multi- photonic treat-
ments are a correct approach to supportive peri-
odontal therapy.
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PBMT photobiomodulation (or biostimula-
tion) therapy

PDT photodynamic therapy
PT phototherapy
ROS reactive oxygen species
SRP scaling and planing of dental roots

18.1  Photonic Therapy 
in Periodontics: 
A Yet Unsolved Controversy

In developed Countries, chronic periodontitis is 
still regarded as a major health challenge for oral 
medicine: this disease not only represents the 
main cause of tooth loss but has also been associ-
ated with potentially severe systemic complica-
tions caused by enduring persistence of bacterial 
infection (Hajishengallis 2015). This is the rea-

Highlights

• In patients with chronic periodontitis, 
besides conventional root cleansing, 
various photonic treatments have been 
used, although their actual advantages 
are controversial.

• High-energy (laser) and low-energy 
(laser and LED) photonic tretaments 
have different indications: the former 
can be used to achieve photoablation of 
the infected periodontal tissues, the lat-
ter can be used for anti-bacterial, anti- 
inflammatory and biostimulation 
purposes.

• A new treatment protocol combining 
laser photoablation, ultrasonic scaling 
and root planing and bactericidal LED 
phototherapy followed by repeated 
applications of antiseptic photodynamic 
therapy has been shown to yield better 
results than conventional periodontal 
therapy.

Patient Summary
Periodontitis is a chronic infectious disease 
of the tooth- supporting tissues which can 
cause teeth loss and overall health worsen-
ing. The standard treatment consists in 
mechanical removal of bacteria attached to 
the affected teeth but, due to bacterial re-
growth, relapses are frequent. Antibiotics 
and antiseptics are not a solution because 
periodontal bacteria have become resistant. 
An alternative approach is to associate the 
conventional dental cleansing treatments 
with light-based – or photonic – supportive 
therapies, performed with laser and LED 
instruments. Light has many diverse effects 
depending on its wavelength, energy, tissue 
absorption, etc. Hence, satisfactory peri-
odontal healing can be achieved by a com-
bination of different photonic treatments 
exploiting the synergism of their curative 
effects.Considerations for Practice

• In periodontal disease, there is a demand 
for adjunctive therapies capable of 
improving the outcome of the conven-
tional dental root cleansing treatments 
in terms of reduction of persistent infec-
tion, local inflammation and periodontal 
tissue resorption and, possibly, preser-
vation or even regeneration of alveolar 
bone, periodontal ligament and gingiva.

• Diverse high-energy (laser) and low- 
energy (laser and LED) photonic treat-
ments at different wavelenghts can 
address such demand because of their 

anti-bacterial and tissue biostimulating 
properties, provided they are correctly 
performed.

• To better exploit their effects, high- and 
low-energy photonic treatments can be 
combined together: such adjunctive pro-
tocols to conventional periodontal ther-
apy have provided satisfactory clinical 
results.
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son why basic and clinical research are particu-
larly intense in this field, aimed at improving the 
current therapeutic protocols. Recently, numer-
ous meta-analyses and reviews have been dedi-
cated to the most important advancements in 
periodontology, including the so-called photonic 
therapies. This term encompasses all those proce-
dures exploiting the well-known biological 
effects of light in the visible and infra-red wave-
length range, delivered by means of laser or light- 
emitting diode (LED) instruments, for curative 
purposes. With few exceptions, photonic thera-
pies are performed in adjunct to the conventional 
treatments based on scaling and planing of the 
dental roots (SRP), which remain the essential 
therapeutic approach to periodontitis (Giannelli 
et  al. 2019). Nowadays, photonic therapies are 
routinely applied for many medical purposes, in 
some instances as first-choice treatments, but this 
is not true for periodontics. In fact, most retro-
spective analyses of the results of the previous 
clinical studies have failed to provide convincing 
statistical data to demonstrate that adjunctive 
photonic therapy can result in better clinical out-
comes than those achieved by conventional SRP 
(Schwarz et al. 2008; Mizutani et al. 2016; Cobb 
2017; Mills et al. 2018). However, if considering 
the lack of well-defined and widely accepted 
therapeutic indications and protocols on the one 
hand and the many possible variables of photonic 
therapies on the other hand, this inconclusive 
result is not surprising. In fact, the efficacy of 
photonic therapy in periodontitis is influenced by 
many physical, biological, anatomical, and tech-
nical variables which render the results of previ-
ous primary clinical studies barely comparable 
by any meta-analysis. Photonic therapies have 
two main levels of variability: (i) a general level 
depending on differences in the irradiation char-
acteristics, i.e. light wavelengths, illumination 
devices (laser or LED), light beam power (high- 
power or photoablative or low-power or non- 
surgical) irradiation modes (continuous or 
pulsed), and actual energy delivered to the target 
tissue; (ii) a specific level depending on clinical 
differences, i.e. periodontal disease grading, 
exact biological rationale and indications, light 
absorption characteristics of the targeted mucosa 

(inflammation, pigmentation), treatment proto-
cols, follow-up times, and outcome assessment 
methods. This broad variability can easily explain 
the reason why the literature on the clinical 
effects of photonic therapies in periodontology is 
so controversial and difficult, if not impossible, 
to be interpreted (Cobb 2017). An unfortunate 
consequence of this confusion is that many dental 
practitioners are hesitant to include photonic 
treatments in their therapeutic repertoire against 
periodontal disease, either because they underes-
timate its actual potential or because they are 
worried by its complexity and lack of clear indi-
cations (Giannelli et al. 2019).

This article is not meant to compete with the 
numerous, excellent reviews written by renowned 
periodontologists (Schwarz et al. 2008; de Paula 
Eduardo et al. 2010; Javed and Romanos 2013; 
Aoki et  al. 2015; Mizutani et  al. 2016; Cobb 
2017; Mills et al. 2018), which remain the main 
source for whoever wishes to delve into this com-
plex matter. Rather, our intention is to focus on 
some new findings and concepts emerged from 
the most recent clinical studies on photonic ther-
apy in periodontics, which can be helpful to 
 identify its actual strenghts and limitations, as 
well as to design new effective treatment 
protocols.

18.2  How Photonic Therapies Can 
Work in Periodontal Disease

The purpose of any adjunctive therapy in peri-
odontal disease is to improve the outcome of con-
ventional SRP in terms of: (i) reduction of oral 
dysbiosis to a favourable ratio between normal 
bacterial flora and periodontopathogens, (ii) 
reduction of local inflammation, (iii) regenera-
tion of alveolar bone, periodontal ligament and 
gingiva. For such goals, the photonic approaches 
can be definitely adequate.

As a necessary premise, we must make a dis-
tinction between high- and low-energy photo-
therapies. High-energy irradiation requires laser 
instruments and is used to remove the infected 
dental/periodontal tissues: it is therefore defined 
as photoablative or photosurgical therapy. Its 
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advantages over the conventional surgical meth-
ods are high selectivity (namely, laser wavelenght 
can be chosen to be specifically absorbed by mol-
ecules and chromophores in the target tissues), 
excellent bactericidal and hemostatic effects, 
minimal post-treatment inflammation and fast 
healing (Aoki et  al. 2004; Schwarz et  al. 2008; 
Ishikawa et al. 2009; Giannelli et al. 2019). On 
the other hand, due to high energy transfer to tis-
sues, their damage threshold is close to the thera-
peutic range. Hence, a proper usage of laser 
photoablation requires specific training of den-
tists, who must be well aware of the pros and 
cons of the different laser instruments operating 
at different wavelengths: for instance, the lasers 
emitting in the far or intermediate infra-red spec-
trum, such as CO2 (λ = 10,600 nm) and Erbium- 
doped garnet lasers, (Er:YAG, λ = 2940 nm; 
Er:YSGG, λ = 2780 nm), are chiefly absorbed by 
H2O and apatite crystals of mineralized tissues 
and operate chiefly through vaporization, whereas 
those emitting in the near infra-red spectrum, 
such as Neodymium-doped garnet lasers 
(Nd:YAG, λ = 1064 nm) or the modern, versatile 
(and cheaper) diode lasers (λ = 655–980 nm) are 
absorbed by tissue pigments, such as melanin and 
hemoglobin, as well as bacterial cromophores, 
and operate chiefly through coagulation/carbon-
ization (Aoki et  al. 2004; Schwarz et  al. 2008; 
Ishikawa et al. 2009; Giannelli et al. 2019). These 
different wavelengths also influence other param-
eters related to the target tissues, namely depth of 
penetration and adverse thermal effects due to 
light scattering, which render each laser type best 
suited for different, specific applications in the 
field of periodontology. For instance, CO2 lasers, 
albeit capable to yield satisfactory long-term 
clinical results in expert hands (Crespi et  al. 
2011), nowadays are barely used in periodontics 
because of ease of target tissue over-heating and 
damage (Giannelli et  al. 2012a). In general, 
Er-doped garnet lasers are preferred for removal/
reshaping of mineralized tissues and calculus 
(Schwarz et  al. 2003), whereas Nd-YAG and 
diode lasers are most suited for soft tissue and 
dental plaque photoablation and disinfection 
(Romanos 1994; Moritz et  al. 1998; Gregg and 
McCarthy 2002; Schwarz et  al. 2008; Kamma 

et al. 2009; Giannelli et al. 2012a; Mizutani et al. 
2016).

Low-energy photonic therapy can be per-
formed by both laser (in this instance, terms such 
as low-level laser therapy or LLLT, or soft laser 
therapy are currently used) and LED instruments. 
At variance with the high-energy laser treat-
ments, all of which substantially cause tissue 
photoablation, in this case the mechanisms of 
action, methods of administration and biological 
effects can vary. Accordingly, low-energy pho-
tonic therapies can be subdivided in 3 distinct 
modalities: (i) photodynamic therapy (PDT); (ii) 
phototherapy (PT); (iii) photobiomodulation (or 
biostimulation) therapy (PBMT) (Giannelli et al. 
2019).

 (i) Photodynamic therapy (PDT) exploits the 
property of some organic compounds 
termed ‘photosensitizers’, e.g., cyclic tetra-
pyrroles, fullerenes, boron dipyrromethene 
(BODIPY) and phenotiazines (toluidine 
blue O, methylene blue) to release reactive 
oxygen species (ROS) when excited by light 
at wavelengths coinciding with their 
 absorption peaks (Yin and Hamblin 2015). 
ROS are lethal for bacteria because they 
induce oxidative damage of plasma mem-
branes and DNA.  The short half-life (0.04 
μs) and diffusion radius (~0.2 μm) of the 
generated ROS render PDT particularly 
effective for disinfection of periodontal tis-
sues, since photosensitizers can bind to and 
concentrate in bacterial biofilms and dental 
plaque (Takasaki et  al. 2009; Meimandi 
et al. 2017). A limitation of PDT is that its 
actual efficacy depends on the absorption 
spectra of the used photosensitizers, requir-
ing strictly consistent excitation wave-
lengths (Giannelli and Bani 2018).

 (ii) Phototherapy exploits the direct antimicro-
bial effects of specific light wavelengths due 
to the presence of photoactivable chromo-
phores, e.g., porphyrins, in certain bacterial 
species, including several periodontal 
pathogens. Particularly effective is the light 
in the violet-blue spectrum (λ 405–520 nm), 
especially that in the narrow band of 405–
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410 nm, which has shown excellent bacteri-
cidal effects against both Gram-positive and 
Gram-negative pathogens (Fukui et  al. 
2008; Barneck et  al. 2016; Gillespie et  al. 
2017). The mechanisms of these effects, 
although not fully elucidated yet, are consis-
tent with the endogenous generation of ROS 
in sensitive bacteria (Soukos et  al. 2005). 
Interestingly, blue light (λ 405 nm) at bacte-
ricidal power has no effect on mammalian 
cells, which are protected from oxidative 
stress by multiple antioxidant metabolic 
pathways (Ramakrishnan et  al. 2016). 
Moreover, blue light also induces the inacti-
vation of lipopolysaccharide (LPS), a Gram- 
negative endotoxin responsible for the 
persistence of inflammation (Giannelli et al. 
2017). These favourable characteristics 
account for substantial efficacy and safety 
of blue light for oral disinfection and 
restraint of septic inflammation and related 
periodontal tissue destruction. They also 
sustain the principle that phototherapy can 
be safely repeated in periodontitis patients 
until satisfactory clinical effects are 
achieved.

 (iii) Photobiomodulation therapy (PBMT) 
exploits light wavelengths in the red-IR 
range (λ 600–950 nm), characterized by 
deep tissue penetration and capability to 
induce biostimulatory effects. These are 
likely due to photochemical interaction 
with Fe2+-heme chromoproteins, such as 
mitochondrial cytochromes, resulting in 
metabolic activation of cells (Hamblin 
2018). The major effects of this activation 
consist in stimulation of cell proliferation, 
microvascular dilation and increased blood 
perfusion which, in turn, result in acceler-
ated wound healing and bone formation as 
well as decreased inflammation, oedema 
and pain (Qadri et  al. 2005; Aoki et  al. 
2015; de Paula Eduardo et  al. 2010). 
Accordingly, PBMT has been used as adju-
vant to the main periodontal therapies to 
reduce inflammation and pain in the imme-
diate post- operative phase and to improve 
periodontal ligament and alveolar bone 

healing in the long term (de Paula Eduardo 
et al. 2010).

18.3  Multi-photonic Therapy 
in Periodontal Disease: 
‘United We Stand, Divided 
We Fall’

On the above grounds, it is becoming increas-
ingly clear that each photonic therapy has spe-
cific indications and limitations, which must be 
known in order to correctly design effective treat-
ment protocols adjunctive to conventional SRP. 
Knowledge of these essential points can also be 
helpful to re-analyze the results of the previous 
clinical studies in future meta-analyses to evalu-
ate whether photonic therapies can provide sig-
nificant advantages in the treatment of 
periodontitis, in order to exclude the misleading 
results of the studies biased by erroneous pho-
tonic treatments (Giannelli et al. 2019).

Another point clearly emerging from a better 
knowledge of the strenghts of the various pho-
tonic treatments is that they can be effectively 
and safely combined into a multi-photonic ther-
apy to exploit their individual advantages or even 
the synergism between their different biological 
effects. In fact, periodontal disease shows a com-
plex network of pathogenic events which can be 
specifically targeted (Kornman 2008). Its main 
clinical hallmark is progressive periodontal tis-
sue destruction secondary to persistent infection 
and inflammation sustained by periodontopatho-
genic bacteria particularly adapted to this local 
microenvironment. These bacteria are capable of 
penetrating and persisting into the epithelial cells 
lining the periodontal pockets and outer gingiva, 
thereby escaping host immunity as well as con-
ventional antiseptics and antibiotics (Tribble and 
Lamont 2010). There, they represent a hidden 
germ reservoire predisposing the patients to re- 
infection soon after SRP, and hence to disease 
relapses and chronicization (Mombelli et  al. 
2000; Johnson et al. 2008; Ardila et al. 2010). In 
recent years, we and others have collected con-
vincing evidence that a multi-photonic therapy 
adjunctive to SRP can provide better clinical 
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results than SRP alone, both in the short and long 
term. In a first pilot trial on 26 patients with 
chronic periodontitis, we first combined a pho-
toablative treatment with PDT in a multi- photonic 
protocol termed PAPD (PhotoAblative- 
PhotoDynamic). This protocol consisted of 3 
steps: (i) photoablation of the surface bacterial 
biofilm and infected sulcular and gingival epithe-
lium with a λ 810 nm high-energy diode laser; (ii) 
SRP performed by ultrasonic scaler; (iii) repeated 
sessions of PDT with methylene blue photoacti-
vated by a λ 635 nm low-energy diode laser, in 
order to hinder bacterial re-growth. The results of 
this study, performed as a split-mouth, have 
shown a statistically significant improvement of 
the main parameters used for periodontal disease 
assessment, namely probing depth, clinical 
attachment level and bleeding-on-probing, as 
well as of cytodiagnostic markers of infection 
and inflammation in periodontal exfoliative sam-
ples, in the PAPD-treated mouth quadrants as 
compared with the matching quadrants treated 
with SRP alone (Giannelli et al. 2012b). Of note, 
these improvements were maintained over 4-year 
follow-up of the same patients (n = 24), suggest-
ing that the desired objective of our PAPD proto-
col, i.e. shifting the host-parasite balance in 
favour of the former in order to promote peri-
odontal healing in the long term, had been 
achieved (Giannelli et al. 2015). More recently, 
to treat patients with severe periodontitis (n = 24), 
we have adopted an improved PAPD protocol 
(iPAPD) in which a single 5-min. application of 
antiseptic phototherapy with a λ 405  nm LED 
was performed after epithelial laser photoabla-
tion and SRP in the same clinical session 
(Table  18.1). Then, weekly PDT sessions were 
performed until normalization of the cytodiag-
nostic infection and inflammation markers, 
according to the original PAPD protocol. This 
iPAPD protocol has also yielded statistically sig-
nificant improvements of the clinical and cytodi-
agnostic disease markers at 1-year follow-up 
(Table 18.2). In this study we also assessed the 
subjective satisfaction of the enrolled patients 
towards the received treatments: again, a signifi-

cant majority of them preferred the iPAPD proto-
col over SRP alone because of reduced pain and 
discomfort, both during and after the operative 
phase and in the following days, and better aes-
thetic results due to restoration of the natural pale 
color of the vestibular gingiva (Giannelli et  al. 
2018). Representative images of the key iPAPD 
steps are shown in Figs.  18.1, 18.2, 18.3, 18.4, 
and 18.5.

18.4  Conclusion and Perspectives

The multi-photonic supportive treatment to peri-
odontal disease has been only recently developed 
based on new evidence on the actual efficacy, 
indications and possible synergisms of the vari-
ous photonic therapies and is currently applied 
by few researchers worldwide (Giannelli et  al. 
2012b, 2018; de Angelis et  al. 2018; Amaroli 
et al. 2020). For this reason, the overall number 
of patients studied is relatively small and insuffi-
cient to perform a reliable  meta- analysis and 
draw definitive conclusions about the actual 
value of such methods to cure periodontal dis-
ease. What hinders a more widespread use of the 
multi-photonic therapies among dentists is that 
they require multiple light sources emitting at 
different wavelengths, whereas most of the dental 
lasers available on the market emit a single light 
wavelength, the only variable parameters being 
beam power and irradiation mode (pulsed or con-
tinuous). However, all low-energy phototherapies 
can be effectively performed by LED instru-
ments, whose irradiation characteristics are simi-
lar to low-power lasers with the obvious 
advantage of being far cheaper and simpler. 
Ideally, dental practitioners wishing to perform 
modern photonic treatments could equip their 
surgeries with a photoablative diode laser and at 
least 2 LED instruments operating at λ 635 nm 
for PDT and λ 405  nm for antiseptic 
phototherapy.

We are of the opinion that a more detailed 
knowledge of the advantages and limitations of 
the photonic approach in periodontics will reduce 
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Table 18.1 Applied parameters for iPAPD multi-photonic therapy

Near-IR GaAlAs diode laser Violet-blue LED Red diode laser
Irradiation modes and purposes

Photoablation mode Phototherapy mode Photodynamic mode
Removal of infected sulcular and 
gingival epithelium

Antisepsis 
(phototoxic)

Antisepsis (oxidative)

Devices settings
wavelength 810 ± 10 nm 405±5 nm 635±5nm Toluidine blue (1 μg/

ml)
Wave emission 
mode

Continuous Continuous Continuous

Beam power 1 W 1 W 0.1 W
Light irradiation details
Handpiece type Polymide–coated silica fiber 

0.6 mm
Focalized zoom 
handpiece

Light pipe glass 10 mm

Application mode Contact Non-contact Non-contact
Distance from the 
target

0 mm 10 mm 30 mm

Light spot size 0.28 mm2 95 mm2 28.3 mm2

Power density 353.4 W/cm2 1.05 W/cm2 0.35 W/cm2

Fluence 66.7 J/cm2 63 J/cm2 21 J/cm2

Tip movement 
speed

2.5 mm/s Fixed beam Fixed beam

Clinical protocol details
Number of 
treatment

1 1 4–10 adjusted depending on 
healing markersa

Cooling system Airflow No No
aResidual microbial contamination and inflammation performed on cytosmears of periodontal pocket exfoliative sam-
ples, as described (Giannelli et al. 2012b)

Table 18.2 Clinical periodontal parameters: conventional SRP vs. iPAPD+SRP

Day 0 1 year
Statistical significance, 1 
year vs. day 0

Probing depth (mm)
SRP 4.9 ± 0.1 3.8 ± 0.3
iPAPD+SRP 5.1 ± 0.2 1.2 ± 0.2 p < 0.001
Statistical significance n.s. p < 0.001 p < 0.001
Clinical attachment level (mm)
SRP 5.3 ± 0.1 5.2 ± 0.1
iPAPD+SRP 5.4 ± 0.1 3.1 ± 0.3 n.s.
Statistical significance n.s. p < 0.001 p < 0.001
Bleeding on probing (%)
SRP 42 ± 4.6 23.2 ± 2.1 p < 0.01
iPAPD+SRP 36.7 ± 5.3 1.2 ± 0.6 p < 0.001
Statistical significance n.s. p < 0.001
Periodontal index (%)
SRP 26.5 ± 3.7 8.2 ± 1.5 p < 0.001
iPAPD+SRP 25.5 ± 3.6 7.4 ± 1.5 p < 0.001
Statistical significance n.s. n.s.

For statistical comparison, the patients’ quadrants were assumed as test units. The reported values are means ±SEM of 
2 sampled sites per quadrant. Values were checked for normal distribution and then compared by within-subject, 
repeated-measures ANOVA and Newman-Keuls multiple comparison test. n.s. not significant (adapted from Giannelli 
et al. 2018)
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Fig. 18.1 Representative pictures of pre-treatment probing depth (a) and radiography (b) performed at patient’s admis-
sion. In (b), the red lines indicate the extent of recession of the inter-alveolar bone ridges

Fig. 18.2 iPAPD, phase 1. The gingival mucosa under-
went photoablation with a λ 810  nm high-energy diode 
laser in contact mode (i.e. with the optic fiber tip touching 
the gingiva) under airflow cooling to remove the junc-
tional, sulcular, and outer gingival epithelium, ~5  mm 
from the gingival margin, all around the teeth. Fiber diam-

eter: 0.6  mm; irradiaton mode: continuous emission; 
beam power: 1 W; optic fiber movement speed: 2.5 mm/s; 
power density: 353.4 W/cm2; fluence: 66.7 J/cm2. Under 
these operating conditions, pain and discomfort are mini-
mal and anaesthesia is usually unnecessary
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confusion and uncertainty on this matter and, 
consequently, promote confidence and use of 
such techniques among periodontologists. If this 
would occur, the demand for new user-friendly 
and effective photonic instruments specifically 
suited for odontostomatological use should also 
increase. In this context, while high-energy laser 
photoablation will remain a field for specifically 

trained, expert professionals, low-energy pho-
tonic treatments, which often need to be repeated 
until the desired therapeutic goals are achieved, 
could be administered at the patients’ home under 
medical supervision by means of portable LED 
instruments, thereby maximizing their curative 
efficacy.

Fig. 18.3 iPAPD, phase 2. Conventional SRP was per-
formed using Gracey curettes (Hu-Friedy, Milan, Italy) 
and ultrasonic scaler (Mectron Dental, Loreto, Italy) with 
metal tip and set to 80% power at high frequency (36 kHz) 
under water cooling (28  ml\min) until the root surfaces 

were clean and smooth. Of note, preliminary photoabla-
tion of the inflamed, swollen epithelium of the periodontal 
pockets facilitates SRP, because it yields an accessible gap 
between the dental root and its periodontum, with excel-
lent hemostasis

Fig. 18.4 iPAPD, phase 3. Phototherapy was then per-
formed with a λ 405 nm LED for additional disinfection in 
the same surgical session. Handpiece: glass lightpipe; 
beam diameter: 10 mm; beam power: 1 W; non-contact 
mode ~10 mm from the target; spot area: 95 mm2; power 

density: 1.05  W/cm2; fluence: 63  J/cm2. An additional 
property of λ 405 nm irradiation is that it induces a pale 
green autofluorescence of the coagulated keratins, allow-
ing to visually check the photoablated epithelium
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Abstract

Scaling and root planing is the gold standard 
for the treatment of periodontitis, but adminis-
tration of systemic antibiotics may be needed 
especially for sites with deep probing depths, 
or in the presence of comorbidities. However, 
treated sites are subject to recolonization with 
a microbiota similar to that present before 
therapy, and supportive periodontal therapy is 
employed after the treatment of active disease. 
The use of beneficial organisms, known as 
probiotics, seems an attractive proposal to 
promote a healthy associated subgingival 
microbiome and to control inflammation for 
the management of periodontitis. The mecha-
nisms underlying the benefits promoted by 
probiotics involve interference on periodonto-
pathogens, modulation of the exacerbated 

immune host response and the ability to 
restore the integrity of the epithelial barrier on 
mucosa surfaces. This review examines the 
scientific data related to the effects of probiot-
ics on the treatment of periodontal diseases 
and addresses the future approaches necessary 
for their implementation.

Keywords

Periodontitis · Probiotics · Prophylaxis · 
Immunomodulation

Abbreviations

3-HPA 3-hydroxypropionaldehyde
BALOs Bdellovibrio bacteriovorus and 

Bdellovibrio-like organisms
GABA gamma-amino butyric acid
GECs gingival epithelial cells
LAB Lactic acid bacteria
NSPT non-surgical periodontal treatment
ROS reactive oxygen species
SCFAs short chain fatty acids
SOD superoxide dismutase
SPT supportive periodontal therapy
SRP scaling and root planing
TJs tight junction proteins

F. Furlaneto · M. R. Messora 
Department of Oral Surgery and Periodontology, 
School of Dentistry of Ribeirão Preto, University of 
São Paulo, São Paulo, Brazil
e-mail: flafurlaneto@usp.br; m.messora@forp.usp.br 

K. H. Ishikawa · M. P. A. Mayer (*) 
Department of Microbiology, Institute of Biomedical 
Sciences, University of São Paulo, São Paulo, Brazil
e-mail: karinhitomi@hotmail.com; 
mpamayer@icb.usp.br

19

Authors Flavia Furlaneto and Karin Hitomi Ishikawa have 
equally contributed to this chapter.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-96881-6_19&domain=pdf
https://doi.org/10.1007/978-3-030-96881-6_19#DOI
mailto:flafurlaneto@usp.br
mailto:m.messora@forp.usp.br
mailto:karinhitomi@hotmail.com
mailto:mpamayer@icb.usp.br
mailto:mpamayer@icb.usp.br


354

19.1  Periodontitis and Adjunctive 
Therapies

Periodontitis is a result of host’s altered immune- 
inflammatory response and oral microbiome dys-
biosis and can present systemic repercussions. 
Conventional periodontal therapy consists of 
scaling and root planing (SRP) and biofilm con-
trol, aiming to restore the biological compatibil-
ity of affected root surfaces and delay disease 
progression. The clinical reduction of periodon-
tal inflammation, characterizing successful peri-
odontal therapy, is associated with a change 
in local microbial profile.

Interventions to modulate the microbiome of 
periodontal pockets using mechanical means, 
such as SRP, are effective in most cases (Mombelli 
2018). However, conventional forms of periodon-
tal treatment are not always able to prevent the 
progression of the disease. Instrumentation tech-
niques available for SRP are not completely 
effective in eliminating subgingival microbial 
deposits (Adriaens and Adriaens 2004; Berezow 
and Darveau 2011). Effectiveness of SRP is sig-

Highlights

• Prevention and treatment of periodonti-
tis is based on biofilm control and RAR, 
but other strategies are still needed for 
long-term effects.

• Administration of probiotics is sug-
gested to restore the microbial balance 
in periodontitis and modulate the 
immune response, but the ideal probi-
otic regimen for treatment and preven-
tion of periodontitis remains to be 
established

• Mechanical periodontal therapy fol-
lowed or not by local and systemic anti-
microbial agents, may not be enough to 
provide long lasting health periodontal 
tissues for high-risk periodontitis 
patients

• Probiotics have been successfully used 
in the control of inflammatory diseases, 
including those associated with peri-
odontitis, such as diabetes and cardio-
vascular diseases.

• In vitro and experimental in  vivo data 
indicated that probiotic administration 
could alter the dysbiotic microbiome of 
periodontitis, influence the immune 
response of gingival tissues and restore 
the integrity of mucosa epithelial 
barrier.

• New approaches including oral microbi-
ome transplantation and microbial con-
sortia tailored according to the individual 
needs are still needed.

Patient Summary
Certain probiotics are successfully used in 
the control of inflammatory infectious dis-
eases. Periodontitis is caused by an unbal-
anced oral microbial community, and 
probiotics may help in the prevention and 
treatment of periodontitis by reducing 
pathogenic bacteria in the mouth and 
inflammation. However, the best probiotic 
regimen and strains for the control of peri-
odontitis are still not established.

microbiome and control destructive 
inflammation in the periodontal tissues.

• Further studies are needed to establish 
appropriate protocols of probiotic usage 
in order to control periodontitis.

Considerations for Practice

• The periodontal treatment may not be 
successful for all patients or sites, and 
additional strategies are needed for the 
prevention, as adjuvant of active treat-
ment and for the maintenance phase.

• Probiotics are suggested as a safe, eco-
logical approach of the periodontal ther-
apy, aiming to restore the balanced 
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nificantly influenced by initial probing depth 
(PD), dental anatomy and skill of the operator 
(Gellin et al. 1986; Adriaens and Adriaens 2004). 
The capacity for tissue and cellular invasion 
exhibited by some pathobionts (Lamont and 
Yilmaz 2002; Tribble and Lamont 2010) also 
hinders the effective control of the subgingival 
microbiota through SRP.

Treated periodontal sites are subject to recolo-
nization by a microbiota similar to the one before 
treatment. The degree and speed of recoloniza-
tion depend on residual pockets, treatment proto-
col, interval between maintenance visits, 
distribution of periodontal microorganisms in the 
oral cavity and quality of oral hygiene (Mombelli 
et al. 2000; Mombelli 2018). Therefore, SRP is 
not always able to promote the microbiological 
changes necessary to maintain long-term stability 
of the clinical benefits initially achieved (Gellin 
et al. 1986; Adriaens and Adriaens 2004). Thus, 
in some cases, adjuvant approaches in the treat-
ment of periodontitis are needed to achieve thera-
peutic success. Furthermore, adjunctive therapies 
should be evaluated regarding their capacity to 
reduce the need for additional therapies, such as 
complex surgical procedures.

Systemic antimicrobials may be used in severe 
cases as an adjuvant therapy since they reduce 
levels of several periodontal pathogens in subgin-
gival regions, to which mechanical instrumenta-
tion has more restricted access (Teughels et  al. 
2020) and promotes subgingival microbial suc-
cession, in order to establish higher proportions 
of microorganisms compatible with periodontal 
health (Zandbergen et  al. 2016), enhancing the 
effects of non-surgical periodontal treatment 
(NSPT).

However, the indication of antibiotics should 
be evaluated in each clinical situation, due to the 
occurrence of undesirable side effects, the risk of 
promoting microbial resistance and the possibil-
ity of affecting the entire microbiome of the 
human organism. This decision making must 
consider all risks involved (Herrera et al. 2008; 
Pretzl et  al. 2019), especially the selection of 
“new” antibiotic resistant species.

Furthermore, the effect of periodontal treat-
ment is not fully predictable, and long-term suc-

cess requires the establishment of a program of 
supportive periodontal therapy (SPT) following 
the treatment of active disease. During SPT, peri-
odontitis patients should be closely monitored 
according to their individual needs based on the 
risk of recurrent periodontal loss (Armitage and 
Xenoudi 2016).

The use of beneficial organisms, known as 
probiotics, seems an attractive proposal to pro-
mote a healthy associated subgingival microbi-
ome and to control inflammation for the 
management of periodontitis. These organisms 
can be used as a preventive measure, an adjuvant 
to the periodontal treatment (Raff and Hunt 
2012), and during SPT.

19.2  Probiotics

Probiotics are living microorganisms that, when 
ingested in a sufficient amount, exert a positive 
effect on health that is not limited to the nutri-
tional effects (Hill et al. 2014). Given that peri-
odontitis is characterized by an exacerbated 
inflammatory response mediated by the dysbi-
otic microbiome (Hajishengallis et  al. 2012), 
the repopulation of subgingival sites with bene-
ficial oral bacteria should be a long-lasting eco-
logical approach to control the disease. 
Furthermore, probiotics benefits to periodontitis 
patients are extended to the control of periodon-
titis co- morbidities, such as diabetes, cardiovas-
cular diseases, and adverse pregnancy outcomes 
(Gomes et  al. 2014) and halitosis (Mousquer 
et al. 2020).

Besides probiotics, other ecological based 
strategies such as use of prebiotics, symbiotics 
and postbiotics may also promote health (Wegh 
et  al. 2019). Prebiotics are mainly oligosaccha-
ride carbohydrates, such as inulin, that stimulate 
the proliferation and activity of microbial com-
munities, inhibit proliferation of pathogens and 
promote immune defense (Martinez et al. 2015). 
Prebiotics ingested with probiotics are known as 
symbiotics (Martinez et  al. 2015). Beneficial 
non-viable microorganisms or their secreted bio-
active metabolites are known as postbiotics 
(Wegh et al. 2019).
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Lactic acid bacteria (LAB) are used in most 
formulations of probiotics due to their benefits 
and safety for human consumption (Zielińska 
and Kolożyn-Krajewska 2018). Lactobacillus 
and Bifidobacterium are saccharolytic anaerobic 
LAB, resident in supra and subgingival biofilms 
of healthy subjects (Duran-Pinedo and Frias- 
Lopez 2015; Coretti et al. 2017), able to degrade 
host-glycans (Turroni et al. 2018). In vitro studies 
reported that some Lactobacillus and 
Bifidobacterium adhere to gingival epithelial 
cells (GECs) (Albuquerque-Souza et  al. 2019), 
and co-aggregate in multispecies biofilms with 
streptococci early colonizers and P. gingivalis 
(Ishikawa et al. 2020a, b), which may contribute 
to their beneficial effects (Yadav et al. 2017).

Other LAB such as Enterococci are occasion-
ally used as probiotics despite some safety con-
cerns (Ben Braïek and Smaoui 2019). Streptococci 
are also LAB and Streptococcus salivarius K12 
has been successfully used to reduce incidence of 
acute pharyngitis and otitis (Zupancic et  al. 
2017). Despite the association of other species of 
Streptococcus with oral health, their potential as 
probiotics conflicts with their role in non-oral 
opportunistic infections such as endocarditis 
(Abranches et  al. 2018). More recently, several 
beneficial properties were attributed to the 
Akkermansia muciniphila, a mucin-degrading 
commensal of the gut (Xu et al. 2020), present in 
low levels in the oral cavity (Singh et al. 2019). 
The abundance of this specie is reduced in obe-
sity and type 2 diabetes (Pascale et al. 2019) and 
in non- metabolic disorders, such as the cardiac 
phenotype of Chagas disease (de Souza- 
Basqueira et al. 2020). Other unusual organisms, 
such as the predators Bdellovibrio and 
Bdellovibrio- like organisms (BLO) present a 
potential beneficial role due to their ability to lyse 
Gram negative bacteria (Bonfiglio et al. 2020).

Although probiotics can comprise several 
genera, their beneficial mechanisms are strain 
specific, i.e., strains of the same species can 
exhibit different properties, although some prop-
erties are common to members of different gen-
era. Furthermore, probiotics’ effectiveness may 
differ according to microbiome signatures and 
host specificities (Maldonado-Gómez et  al. 

2016). Other variables such as the physiological 
state of probiotic cells interfere on their activity 
(Yadav et al. 2017). Thus, the effects of probiot-
ics are dependent on the strain, dose, and compo-
nents used to produce a given probiotic product 
as well as on host and resident microbiome 
factors.

Probiotics usually do not persistently colonize 
human mucosa surfaces (Yli-Knuuttila et  al. 
2006; Caglar et al. 2009), but their transient colo-
nization can alter the microbial community and 
regulate immune functions. However, even with-
out altering the gut microbiome in adults 
(Kristensen et al. 2016) and in infants (Laursen 
et al. 2017), other mechanisms contribute to their 
beneficial effects.

Most data on the beneficial mechanisms of 
probiotics rely on studies in the gut, but there is 
some evidence of their effects in the oral cavity. 
Probiotics may directly interfere on the coloniza-
tion of pathobionts, favoring healthy associated 
microorganisms, as summarized in Fig.  19.1. 
Probiotics modulate the exacerbated immune 
host response by decreasing the production of 
inflammatory mediators and improving the pro-
duction of protective molecules such as defensins 
and anti- inflammatory factors in the periodontal 
tissues (Kobayashi et  al. 2017) (Fig.  19.2). A 
third strategy of probiotics involves their ability 
to restore the integrity of the epithelial barrier on 
mucosa surfaces and produce bio-active metabo-
lites (Fig. 19.3).

19.3  Effect of Probiotics on Oral 
Bacteria. In Vitro Studies

Most of the studies on probiotics rely on their 
effects on oral pathobionts (Nissen et  al. 2014; 
Ishikawa et al. 2020a, b) including P. gingivalis, 
considered a keystone organism in periodontitis 
(Hajishengallis et  al. 2012), Aggregatibacter 
actinomycetemcomitans, (Fine et  al. 2019; 
Amado et al. 2020) and others (Montenegro et al. 
2020).

Probiotics inhibit growth and survival of other 
bacteria by direct killing or competitive exclu-
sion. These mechanisms involve secretion of 
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Alter the
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Probiotics

Periodontopathogens

Inhibit
colonization

adhesion/invasion
evasion

Killing/
Competitive
exclusion

Organic acids
H2O2

Bacteriocins
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Fig. 19.1 Mechanisms underlying the effects of probiot-
ics in the control of periodontal diseases. Effect on the 
oral microbial community. Probiotics may impair the 
microbial shift in supra and subgingival biofilms of peri-
odontitis patients by direct killing, by competitive exclu-

sion of pathogens and by altering microbial signaling. 
These mechanisms act synergistically, and lead to the res-
toration of a healthy associated microbiome and conse-
quent homeostasis

Fig. 19.2 Probiotics modulate the exacerbated immune 
host response in the periodontal tissues by altering expres-
sion of PPRs such as TLR4, decreasing the production of 
inflammatory mediators, improving the production of pro-

tective molecules such as defensins and anti-inflammatory 
factors, and surpassing evasion mechanisms of 
periodontopathogens
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growth-inhibitory factors (organic acids, hydro-
gen peroxide and bacteriocins), occupation of 
available niches and reduction of fitness by alter-
ing microbial signaling (Yadav et al. 2013).

Acids production from carbohydrate degrada-
tion by LAB exerts selective antimicrobial activ-
ity against pathogens (Aroutcheva et  al. 2001), 

but can present a broad spectrum (Saarela et al. 
2000). This activity may be relevant since the 
subgingival microbiome in the periodontal pock-
ets is enriched by proteolytic bacteria, which 
raise the pH up to 8.5 (Pöllänen et al. 2013), dis-
placing beneficial species (Marsh 2003). 
Carbohydrate availability in gingival fluid is low 

Fig. 19.3 Mechanisms underlying the effects of probiot-
ics in the control of periodontal diseases. Periodontitis 
may influence the gut microbiome leading to systemic 
inflamation. Oral administered probiotics can impact the 

gut microbiome and induce protective responses in distant 
mucosa and systemically. Probiotics restore the integrity 
of the epithelial barrier on mucosa surfaces and produce 
bio-active metabolytes that act locally and at distant sites
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(Parker et al. 1993), and derived mostly from host 
glycoproteins, but subgingival bacteria can store 
glucose under high pH and produce lactate (Chew 
et al. 2012).

The antibacterial warfare of Lactobacilli and 
Bifidoybacteria comprises also the induction of 
oxidative stress (Eschenbach et al. 1989) due to 
production of H2O2, O2

− and other reactive oxy-
gen species (ROS). Beneficial oral streptococci 
also express these oxidases, and H2O2 shapes the 
oral microbiome (Zhu et al. 2014), since hydro-
gen peroxide and reactive oxygen species (ROS) 
are lethal to several bacteria. LAB’s oxidases 
lead to the production of H2O2, which can reach 
millimolar concentrations in laboratory cultures 
(Imlay 2019), in a rate dependent on the environ-
mental oxygen concentration. Hence, this mech-
anism may modulate the oral microbiome 
according to oxygen availability, and the low 
concentration of oxygen at the bottom of deep 
periodontal pockets should limit the production 
of ROS by subgingival organisms. Furthermore, 
several organisms, including P. gingivalis, pro-
duce superoxide dismutase (SOD) and present 
additional mechanisms for their protection from 
oxidative damage (Smalley et  al. 1998; 
McKenzie et  al. 2012). SOD converts O2

− into 
H2O2, a physiologically important mechanism 
because O2

− may damage some biomolecules 
which H2O2 does not react (Imlay 2003). In addi-
tion, the microbial community harbors several 
H2O2- detoxifying enzyme producers (Marsh and 
Zaura 2017), such as A. actinomycetemcomitans, 
which protects P. gingivalis from H2O2 (Zhu 
et al. 2019).

Pathogens killing promoted by LAB is also 
mediated by the production of bacteriocins 
(Mayanagi et  al. 2009), antibiotic-like peptides 
with diverse mode of activity, genetic origin, and 
biochemical properties (Naidu et  al. 1999). 
Bacteriocins such as niacin, a class I bacteriocin, 
are considered safe for humans and used as bio-
preservatives in food (Martinez et  al. 2013). 
These peptides are usually lethal, promoting 
pores on the membrane of target bacterial cells, 
but other mechanisms were reported (Alvarez- 
Sieiro et al. 2016). They can have a narrow (usu-

ally limited to the same or related genera) or a 
wide inhibitory spectrum (active against a wide 
range of non-related organisms) (Strom et  al. 
2002), and their production is associated with 
successful niche competition in the gut 
(Kommineni et al. 2015). Although bacteriocins 
from LAB vary, most lactobacilli produce class II 
bacteriocins with a narrow spectrum of target 
bacteria, usually limited to the same or related 
genera, due to specificities given by their mem-
brane receptors (Ríos Colombo et al. 2019).

Differing from bacteriocins, reuterin produced 
by L. reuteri, is a mixture of different forms of 
3-hydroxypropionaldehyde (3-HPA), derived 
from the metabolism of glycerol (Mu et al. 2018). 
3-HPA spontaneously dehydrates to form acro-
lein, an electrophilic α,β-unsaturated aldehyde 
that inhibits a broad range of Gram-positive and 
Gram-negative bacteria (Cleusix et  al. 2007; 
Engels et  al. 2016; Mu et  al. 2018). Acrolein 
causes oxidative stress in bacteria by interacting 
with free thiol groups, causing the depletion of 
glutathione (GSH) with the consequent modifica-
tion of proteins, including functional enzymes 
(Engels et al. 2016).

The antimicrobial mechanism of Bdellovibrio 
bacteriovorus and Bdellovibrio-like organisms 
(BALOs) is unique since these are obligate pred-
ators of Gram-negative bacteria (Sockett 2009). 
During their free life phase, BALOs locate the 
prey, attach to the outer membrane, and insert 
themselves in the prey periplasm. Then, they 
assimilate prey’s macromolecules, growing 
inside the host cells and releasing their progeny 
trough cell lysis (Bonfiglio et al. 2020). BALOs 
are highly diverse and comprise also organisms 
that uptake the intracellular content of the prey 
but remain extracellularly (Bonfiglio et al. 2020). 
Gram-negative periodontopathogens are suscep-
tible to several BALOs, differing from Gram- 
positive commensals (Van Essche et al. 2011).

In order to survive in the oral cavity, microor-
ganisms should adhere to oral mucosa and tooth 
surfaces or aggregate to already adherent organ-
isms. Probiotics compete with pathogens for 
their adhesion sites, or reduce their ability to 
adhere (Yadav et  al. 2017), and in vitro data 
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showed that certain probiotics present these 
properties. Several Lactobacillus and 
Bifidobacterium are able to reduce the adhesion 
and invasion of P. gingivalis to gingival epithe-
lial cells (GECS) (Albuquerque-Souza et  al. 
2019). Further data indicated that probiotics, 
especially L. acidophilus LA5, were able to 
reduce P. gingivalis abundance in multispecies 
biofilms, without interfering in commensals 
such as S. gordonii and S. oralis (Ishikawa et al. 
2020a, b). Moreover, secreted products (postbi-
otics) of lactobacilli, specially of L. acidophilus 
LA5, were able to inhibit biofilm formation and 
affect pre-formed biofilms of a fresh isolate of a 
highly virulent clone of A. actinomycetemcomi-
tans, which forms robust biofilms in vitro 
(Ishikawa et al. 2020a, b).

Microbial interactions can result in antagonis-
tic or collaborative relations. Probiotics alter 
transcription of genes involved in biofilms and 
evasion of host defenses. P. gingivalis is able to 
evade host defenses and create a more tolerant 
microenvironment at subgingival sites, enabling 
the rise of organisms otherwise susceptible to the 
inflammatory environment (Hajishengallis et al. 
2012). A key factor of P. gingivalis to favor dys-
biosis is the production of gingipains, proteases 
that cleave and inactivate released cytokines and 
factors of the complement system, and, as a con-
sequence, impairs the protective inflammatory 
response able to reduce infectious agents (Tam 
et  al. 2009). Probiotics lactobacilli and 
Akkermasia muciniphilica may impair P. gingi-
valis ability to favor dysbiosis by downregulating 
gingipains expression (Ishikawa et al. 2020a, b). 
Virulence of A. actinomycetemcomitans may also 
be reduced by secreted products of lactobacilli, 
which downregulated expression of leukotoxin, 
cytolethal distending toxin, catalase and disper-
sin B in a strain–specific manner (Nissen et  al. 
2014; Ishikawa et al. 2020a, b).

Thus, either by directly killing or inhibition of 
pathogens growth or indirectly by promoting 
microenvironmental changes, probiotics may 
negatively interfere in pathobionts and increase 
abundance of healthy associated organisms, lead-
ing to a balanced oral microbiome.

19.4  Immunomodulatory 
Properties of Probiotics.  
In Vitro Studies

Pattern recognition receptors (PRRs) of GECs 
recognize microbial associated molecular pat-
terns (MAMPs) and signal to trigger immune 
response. The expression of PRRs in the gingival 
epithelium is controlled in periodontal health 
(Ren et  al. 2005), allowing a constant dialogue 
with commensal bacteria, essential to maintain 
homeostasis (Delitto et al. 2018). The response to 
commensals leads to the recruitment of defense 
cells aiming to surveil the environment (Darveau 
2010), and results in low grade inflammation in 
clinically health gingival tissues. Homeostasis is 
maintained by the production of antimicrobial 
factors involved in microbial lysis; depletion of 
essential nutrients, and inhibition of binding to 
host cells (Valenti et al. 2018). On the other hand, 
activation of the innate immune response by 
pathogens disrupts homeostasis, leading to exac-
erbated inflammation and tissue destruction 
(Delitto et al. 2018).

Probiotics are recognized by host receptors 
and interfere with the signaling promoted by the 
local microbial community. Expression of Toll- 
like receptors (TLRs) at oral and intestine mucosa 
differs in health and disease (Ren et al. 2005; de 
Kivit et  al. 2014) and probiotics can alter their 
expression (Dogi et al. 2008; de Kivit et al. 2014). 
In vitro data indicated that P. gingivalis increases 
expression of TLR4  in GECs, whereas L. aci-
dophilus LA-5 downregulates its expression in P. 
gingivalis challenged cells (Albuquerque-Souza 
et  al. 2019). Moreover, probiotics interfere in 
PRR signaling by activating negative regulators 
of TLR4, consequently avoiding overactivation 
of NFκB, and inhibiting pro- inflammatory 
responses after LPS challenge (Shimazu et  al. 
2012; Takanashi et al. 2013).

After recognition by PRRs, probiotic effects 
are largely variable, since some strains present 
pro-inflammatory properties, whilst others dis-
play an opposite role (Ding et al. 2017). L. rham-
nosus LGG induces the production of 
anti-inflammatory cytokines such as IL-10, by 
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activating STAT3 pathway (Hutchins et al. 2013). 
L. acidophilus LA5 induces IL-10 production by 
P. gingivalis infected GECs and reduces the pro-
duction of IL-1β (Albuquerque-Souza et  al. 
2019). Bifidobacterium lactis (Kim et al. 2010), 
L. rhamnosus LGG (Donato et al. 2010) and L. 
reuteri (Liu et al. 2012) negatively regulate NFκB 
activity, resulting in the reduction of inflamma-
tory mediators such as IL-6, IL-1β and TNFα, 
whereas other strains decreased the production of 
NO and metalloproteases (Jang et al. 2013; Jang 
and Min 2020).

Similar to other inflammatory conditions, 
periodontitis shares macrophage-driven inflam-
mation (Parisi et al. 2018). Macrophages differ-
entiation depends on the surrounding environment 
and their phenotype is a spectrum from classi-
cally activated macrophages (M1) to alternatively 
activated macrophages (M2) (Sica et  al. 2015). 
Gingival tissues of periodontitis sites present 
both M1 and M2 macrophages (Navarrete et al. 
2014). However, M1 polarization is prolonged in 
periodontitis, leading to hyperinflammation 
(Parisi et al. 2018) and shift from M1 to M2 is 
impaired by P. gingivalis, preventing healing (Yu 
et al. 2018).

Probiotics can affect macrophage differentia-
tion in infected tissues. Certain strains mediate 
macrophage polarization to M1 (Ji et  al. 2013; 
Christoffersen et al. 2014), increasing microbial 
killing (Guha et  al. 2019), whereas others sup-
press M1 polarization and induce differentiation 
toward M2, in order to control inflammation 
(Jang et al. 2013, 2014), and favor healing (Sica 
and Mantovani 2012). Bone marrow macro-
phages (BMMϕ) exposed to P. gingivalis and to 
the probiotic Akkermansia muciniphilica showed 
increased production of anti-inflammatory IL-10 
and decreased of IL-12 (Huck et al. 2020).

Neutrophils constantly migrate through the 
junctional epithelium in gingival crevice 
(Moutsopoulos et  al. 2014). These cells are 
attracted to infection sites by chemotactic factors 
such as CXCL-8, and there are both areas with 
high and low levels of CXCL-8 in inflamed gin-
gival tissues (Fitzgerald and Kreutzer 1995). P. 
gingivalis induces chemokines paralysis, since 
CXCL-8 production is impaired by P. gingivalis 

serine phosphatase serB (Darveau 2010). 
However, this evasion mechanism might be sur-
passed by certain lactobacilli, which increase 
CXCL-8 production in P. gingivalis infected 
GECs (Albuquerque-Souza et al. 2019; Ishikawa 
et  al. 2020a, b). Furthermore, the simultaneous 
infection of keratinocytes with Akkermansia 
muciniphila and P. gingivalis also resulted in 
increased CXCL-8 production (Huck et al. 2020).

Probiotic may also affect dendritic cells matu-
ration. Lactobacilli isolated from fecal samples 
increased LPS-induced expression of maturation 
markers in mouse dendritic cells and changed 
their cytokines toward an anti-inflammatory pro-
file (Luongo et al. 2017).

Secretion of IgA in the intestinal fluid and 
saliva can be induced by probiotics (de Moreno 
de LeBlanc et al. 2008), leading to IgA decreased 
inflammation, increased mucosal resistance 
against pathogens (Khurshid et  al. 2015), and 
maintenance of the normal microbiota (Corthésy 
2013). However, this activity and its conse-
quences in the oral cavity remain to be elucidated 
since the effects of antibodies on periodonto-
pathogens are still controversial (Ebersole et al. 
2001).

CD4+ and CD8+ T cells are present in peri-
odontal lesions and generate multiple mediators 
involved in bone resorption in periodontitis. 
Chronic periodontitis is mediated by Th2 cells 
(Hienz et al. 2015) and alveolar bone destruction 
in patients with periodontal disease was also 
associated with a Th17 response (Dutzan et  al. 
2018). However, IL-17 has also a protective role 
of IL-17  in bone homeostasis (Yu et  al. 2007). 
Probiotics influence T cells polarization, shaping 
the balance between TH1/TH2/Th17/Treg 
responses under inflammatory conditions and 
steady state (Cheng et  al. 2019). Certain probi-
otic strains increase type 1 helper T cells and 
attenuate T helper type 2 (Butel 2014), whereas 
others induce Th17 response (Cheng et al. 2019).

Probiotics also influence bone metabolism. 
Administration of lactobacilli prevented bone 
loss in steroid deficiency, due to their ability to 
alter the gut microbiome and restore the integrity 
of the gut barrier (Ohlsson and Sjögren 2015), a 
mechanism that will be further explored in this 
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chapter. Furthermore, probiotics positive effects 
in alveolar bone are associated with their anti- 
inflammatory properties (Weitzmann 2017), and 
absorption of minerals and vitamins (Amin et al. 
2020). Bone remodeling is dependent on the 
RANKL/RANK/OPG (receptor activator of NF 
ligand/receptor activator of NF/osteoprotegerin) 
pathway. An ethanol extract of L. paracasei was 
able to inhibit osteoclastogenesis induced by 
RANKL in a murine pre-osteoclastic cell line 
and reduced the extent of bone resorption (Liu 
et al. 2018a, b).

The non-keratinized epithelium of gingival 
crevice is a physical and immunological barrier. 
Epithelial barriers are dependent on adhesion 
molecules such as tight junction proteins (TJs) 
and adherens junctions, able to seal the space of 
adjacent cells. However, microbial challenge and 
inflammation can break the integrity of the epi-
thelium, leading to increased permeability.

Disruption of the epithelium of gingival crev-
ice may result in diffusion of bacterial toxic prod-
ucts, translocation of subgingival microorganisms, 
bacteremia and even colonization of distant non- 
oral sites (Forner et al. 2006). P. gingivalis chal-
lenge can promote this disruption by reducing the 
expression of TJ proteins (Groeger et al. 2010). 
On the other hand, co-culture of P. gingivalis 
infected immortalized gingival keratinocytes 
with the probiotic A. muciniphilica results in 
improved expression of the tight junction protein 
zonulin-1 and the adhesion molecules integrin- 
β1 and E-cadherin (Huck et al. 2020).

Hence, in order to eradicate chronic infections 
by pathogens, especially those with immune 
privilege (Mellor and Munn 2008) such as P. gin-
givalis, probiotics may overcome their evasion 
mechanisms, leading to their reduction/elimina-
tion, but may also control the exacerbated inflam-
mation in the periodontal tissues, and promote 
tissue healing.

19.5   In Vivo Animal Studies

Validated preclinical studies, such as the use of 
animal models with experimental periodontitis, 
can provide important data on the safety and effi-

cacy of probiotics (Hoffman et  al. 2008), espe-
cially when new strains are being investigated.

Teughels et  al. (2007), in their proof-of- 
concept study, demonstrated that multiple irriga-
tions of surgically created periodontal pockets of 
beagle dogs with the oral streptococci, 
Streptococcus sanguinis, Streptococcus salivar-
ius, and Streptococcus mitis after SRP promoted 
a delay in recolonization of anaerobic species 
such as Porphyromonas gulae, Prevotella inter-
media and Campylobacter rectus and reduced 
periodontal inflammation.

The association of Bacillus subtilis –DSM 
5750 and Bacillus licheniformis –DSM 5749 was 
evaluated in studies with ligature induced experi-
mental periodontitis in rats (Messora et al. 2013, 
2016; Foureaux et  al. 2014). In general, these 
studies demonstrated that probiotic therapy can 
reduce periodontal destruction, either alone or 
associated with SRP (Messora et al. 2013, 2016). 
It was also able of reducing the number of inflam-
matory cells in periodontal tissues of rats with 
ligature induced periodontitis and subjected to 
chronic stress due to physical restraint for 2.5 h/
day. However, the probiotic was not effective in 
preventing bone loss or altering the expression of 
inflammatory markers in stressed animals 
(Foureaux et al. 2014). Interestingly, the animals 
with experimental periodontitis that did not 
receive probiotics presented shortened and dam-
aged villi of the jejunum, whereas the consump-
tion of probiotics attenuated these deleterious 
effects in the gut (Messora et al. 2013).

Several studies evaluated the effect of differ-
ent strains of Lactobacillus on experimental peri-
odontitis. Topical application of L. brevis CD2 
placed in the gingiva of ligated teeth of mice 
resulted in reduced bone loss, decreased expres-
sion of proinflammatory cytokines such as IL-1β 
and TNF-α in the gingival tissues, and altered the 
microbial community when compared to the con-
trol group (Maekawa and Hajishengallis 2014). 
The systemic administration of Lactobacillus 
rhamnosus GG to mice with experimental peri-
odontitis induced by P. gingivalis and F. nuclea-
tum led to a reduction in alveolar bone loss and 
gingival inflammation (Gatej et  al. 2018) and 
attenuation of intestinal inflammation and 
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changes in the cecum microbiome promoted by 
the oral pathogens (Gatej et al. 2020).

Considering that Bifidobacterium spp. may be 
associated with periodontal health and treatment 
success in patients with periodontitis (Hojo et al. 
2007), the effects of topical administration of 
Bifidobacterium animalis subsp. lactis HN019 
was evaluated in ligature induced periodontitis in 
rats (Oliveira et al. 2017). The probiotic was able 
to control alveolar bone loss and altered the oral 
microbial community by increasing the propor-
tions of Actinomyces- like and Streptococcus-like 
species. Furthermore, the probiotic induced the 
expression of protective factors such as osteopro-
tegerin and beta-defensins, and decreased levels 
of IL-1β and RANKL in the gingival tissues. 
When Bifidobacterium animalis subsp. lactis 
HN019 was administered systemically and as an 
adjunct to SRP, in rats with experimental peri-
odontitis, the beneficial effects in controlling 
bone destruction and inflammation were also 
observed (Ricoldi et al. 2017). B. lactis HN019 
was also able to reduce alveolar bone loss and 
levels of TNF-α and IL-6  in gingival tissues of 
rats with experimental periodontitis and rheuma-
toid arthritis (RA) but did not lead to differences 
in connective tissue attachment level (Cardoso 
et  al. 2020). Furthermore, probiotic therapy 
reduced serum levels of anti-citrullinated protein 
antibodies, an important marker of RA, although 
the groups treated with B. lactis HN019 did not 
show significant improvements in RA activity 
scores and paw edema.

Animal studies had also shown that probiotics 
improve the oral epithelium barrier finction due 
to the production of defensins and immune 
response modulation (Seth et al. 2008; Anderson 
et al. 2010; Karczewski et al. 2010), and possibly 
due to its activity on maintaining the homeostasis 
of the oral epithelial barrier. It is well established 
that the gut microbiome contributes to the main-
tenance of the mucosa by regulating epithelial 
cells turnover, maintaining cell-to-cell junctions, 
and promoting epithelial repair (Takiishi et  al. 
2017). On the other hand, an imbalanced gut 
microbiome is associated with disruption of the 
epithelial barrier and increased diffusion of bac-

terial products to the blood stream, leading to 
systemic inflammation (Festi et al. 2014).

Periodontitis co-morbities can be partially 
explained by its effects in the gut (Hajishengallis 
2015). As shown in animal studies, swallowed 
oral pathogens alter the gut microbiome, leading 
to disruption of mucosa integrity (Arimatsu et al. 
2014; Nakajima et al. 2015), and systemic inflam-
mation (Kato et  al. 2018). These pieces of evi-
dence are reinforced by data showing that chronic 
and aggressive periodontitis patients present dys-
biosis not only in the oral, but also in the gut 
microbiome (Lourenςo et al. 2018; Amado et al. 
2020).

Thus, the manipulation of the gut microbiome 
may control inflammatory diseases associated 
with leaking gut, such as diabetes, atherosclero-
sis, and liver diseases (Festi et  al. 2014) and 
might be effective in reducing inflammation in 
the periodontal tissues. Thus, the effect of probi-
otics in the control of periodontitis may not 
require their oral administration, suggesting that 
beneficial effects of oral probiotics were associ-
ated with their effects in the gut. Gastric adminis-
tration of Lactobacillus gasseri SBT2055 to mice 
was able to suppress alveolar bone loss and gin-
gival inflammation induced by P. gingivalis, 
decreased expression and secretion of TNF-α and 
IL-6 and increased the production of β defensins 
in gingival tissues (Kobayashi et al. 2017). The 
gut commensal A. muciniphila reduces endotox-
emia and ameliorates gut permeability in high-fat 
diet-induced mice, by upregulating the expres-
sion of tight junction proteins (TJs) occludin and 
claudin-3 (Li et al. 2016; Chelakkot et al. 2018; 
Grander et al. 2018). Moreover, dysbiosis is usu-
ally associated with loss of microbial diversity 
and A. muciniphila reduces LPS production and 
increases microbial diversity in the gut (Wu et al. 
2017). Thus, the treatment of mice with experi-
mental periodontitis induced by P. gingivalis with 
A. muciniphila resulted in decreased alveolar 
bone loss. This trait was associated with A. 
muciniphila abilities to increase production of 
anti-inflammatory cytokines, decrease P. gingi-
valis virulence and increase expression of TJs in 
epithelial cells (Huck et al. 2020).
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Probiotics produce several bioactive sub-
stances that maintain health. Microbial commu-
nities in the gut produce short chain fatty acids 
(SCFAs) such as acetate, propionate and butyr-
ate, associated with benefits to the host. Lactate 
produced by LAB is substrate for short chain 
fatty acids production. Furthermore, 
Bifidobacterium synthetizes SCFAs when carbo-
hydrates supply is limited (Liu et al. 2018a, b). 
SCFAs, especially butyrate, have anti- 
inflammatory roles in the gut, improving mucosa 
integrity (Jia et  al. 2019), reducing neutrophil 
cytokine production and macrophage NF-κB 
signaling and inducing Tregs differentiation (Liu 
et al. 2018a, b). Furthermore, butyrate or butyr-
ate- producers in the gut, attenuated IL-17 
response in gingival tissues and experimental 
alveolar bone loss (Jia et  al. 2019). However, 
butyrate may be deleterious to human primary 
gingival epithelial cells (Liu et  al. 2019), 
although the abundance of several butyrate- 
producing genera was reduced in periodontitis 
sites of unbalanced type 2 diabetes patients when 
compared to those with low HbA1c levels 
(Longo et al. 2018).

Gut microorganisms produce metabolic 
products involved in the brain-gut-microbiota 
axis, and probiotics that influence brain func-
tions and produce positive mental health bene-
fits are termed psychobiotics (Dinan and Cryan 
2017). Lactobacilli and Bifidobacteria isolates 
from the human gut produce gamma-amino 
butyric acid (GABA), serotonin, noradrenaline 
or acetylcholine, and these compounds act on 
the enteric nervous system leading to ameliora-
tion of brain function disorders induced by 
stress (Dinan and Cryan 2017). Given the evi-
dence associating stress and periodontitis 
(Coelho et  al. 2020), the production of neu-
rotransmitters by probiotics might be an addi-
tional mechanism for their beneficial role in 
periodontitis.

Animal studies provided evidence on the 
mechanisms of probiotics and their potential to 
control periodontitis in humans, as well as the co- 
morbidities associated with the disease. However, 
these data should be interpreted under the limita-
tions of the animal models.

19.6  Clinical Evidence

Although animal experimental model studies 
showed promising results regarding the potential 
use of probiotics, their results may not be trans-
lated to humans. Hence, controlled clinical trials 
evaluating the effect of probiotics in humans are 
essential before their widespread use for the con-
trol of periodontitis.

Early studies evaluated the use of probiotics as 
a single therapy in periodontitis patients, demon-
strating promising results (Riccia et  al. 2007; 
Shimauchi et  al. 2008; Mayanagi et  al. 2009; 
Vicario et  al. 2013). However, considering the 
importance of biofilm removal before the admin-
istration of probiotics (Teughels et  al. 2013) in 
order to favor their antimicrobial effects and 
increase their colonization capacity, clinical stud-
ies were performed with systemically or topically 
administered probiotics as adjuvants of SRP.

Several clinical studies reported positive 
results of the adjuvant effects of probiotic ther-
apy, administered through lozenges or sachets, in 
the treatment of periodontitis (Vivekananda et al. 
2010; Shah et  al. 2013; Teughels et  al. 2013; 
Szkaradkiewicz et  al. 2014; Tekce et  al. 2015; 
İnce et  al. 2015; Morales et  al. 2016; Invernici 
et al. 2018, 2020). Most of these studies evalu-
ated the effects of combination of two strains of 
Lactobacillus reuteri: DSM 17938 and ATCC 
PTA 5289 as an adjuvant to SRP in patients with 
chronic periodontitis (Vivekananda et  al. 2010; 
Teughels et al. 2013). The use of this combina-
tion resulted in reduction in surgical needs of 
deep pockets and decreased the number of 
patients needing surgery on three or more teeth. 
However, there were no differences between con-
trol and probiotic groups when the overall per-
centage of pockets and teeth were considered 
(Teughels et al. 2013). The combination therapy 
also provided greater reduction in probing depth 
(PD) and greater attachment gain at 12 postoper-
ative months than SRP alone. Patients treated 
with the combined therapy had also increased tis-
sue levels of metalloproteinases inhibitors and 
lower levels of MMP (matrix metalloprotein-
ase)-8  in the gingival crevicular fluid, although 
all forms of MMP-8 rather than specifically 
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active forms were included in the analysis (İnce 
et al. 2015). This therapy delayed the recoloniza-
tion of periodontal pockets considering both total 
viable cell counts and the proportions of obligate 
anaerobes until 180 days, in patients with chronic 
periodontitis (Tekce, İnce et  al. 2015). 
Furthermore, this probiotic combination showed 
anti-inflammatory effects, which reflected in the 
improvement of periodontal clinical parameters 
(Szkaradkiewicz et al. 2014).

The beneficial effect of probiotics was also 
shown in smokers, an important risk factor for 
periodontitis. Use of L. reuteri DSM 17938 
chewing tablets for 21  days as adjuvant of the 
periodontal treatment led to reduced gingival 
inflammation and PD in heavy smokers with gen-
eralized periodontitis. However, the probiotic 
therapy did not induce clinical attachment gain in 
pockets with PD >5 mm neither altered pockets 
with PD < 5 mm (Theodoro et al. 2019).

Other strains of Lactobacillus, also adminis-
tered as lozenges or sachets, have been evaluated 
in clinical studies with patients presenting peri-
odontitis. SRP associated with the oral adminis-
tration of L. rhamnosus SP1 for 3 months did not 
improve most clinical parameters when com-
pared to SRP alone, except for greater reductions 
in PD, resulting in less surgical needs (Morales 
et al. 2016). The use of L. brevis (CD2) lozenges 
for 14  days in aggressive periodontitis patients 
resulted in similar improvement of clinical 
parameters as observed for doxycycline, suggest-
ing that probiotic therapy may be a good alterna-
tive for the use of antibiotics in the treatment of 
this periodontal condition (Shah et al. 2013).

To date, the only clinical study evaluating a 
non-Lactobacillus probiotic in periodontal ther-
apy has been carried out by Invernici et al. 2018. 
The consumption of lozenges containing 
Bifidobacterium animalis subsp. lactis HN019 
for 30 days, as an adjunct to SRP was evaluated 
in patients with chronic periodontitis. Three 
months after SRP, the probiotic group presented 
fewer moderate and deep periodontal pockets, 
fewer patients at risk for periodontitis progres-
sion and less need for additional periodontal 
treatment (periodontal surgery) than the control 
group. Microbiological and immunological 

advantages were also observed in the probiotic 
group (Invernici et al. 2018). The test group pre-
sented lower proportions of pathogens and patho-
bionts, as well as higher proportions of species 
compatible with health when compared to the 
control group. PCR analyses suggested that the 
administered probiotic strain was temporarily 
integrated into the subgingival biofilm of the 
treated patients, which may have contributed to 
the maintenance of a health status. The probiotic 
treatment led to lower level of proinflammatory 
cytokines than control, and higher levels of anti- 
inflammatory cytokine IL-10 in gingival crevicu-
lar fluid (GCF), and greater expression of 
beta-defensin-3 in gingival tissues, an important 
antimicrobial peptide for the protection of peri-
odontal tissues (Invernici et  al. 2020). These 
results indicate interaction of the probiotic with 
gingival tissues of the treated patients, strength-
ening the epithelial barrier against microbial 
aggressions to promote a vigilant and health- 
compatible immunoinflammatory state.

The topical use of probiotic microorganisms 
has provided satisfactory results as adjuvant ther-
apy in the management of periodontitis (Tsubura 
et al. 2009; Penala et al. 2016; Sajedinejad et al. 
2018). Mouthwashes containing the probiotic 
Bacillus subtilis led to lower BANA (N-benzoyl- 
DL-arginine-naphthylamide) test scores, indica-
tive of a change in the subgingival microbiota 
(Tsubura et al. 2009). The use of subgingival irri-
gation and mouthwashes containing Lactobacillus 
salivarius and Lactobacillus reuteri (Unique 
Biotech laboratories) promoted enhanced clinical 
and microbiological periodontal parameters 
(Penala et  al. 2016). These improvements were 
also observed with the use of mouthwashes con-
taining L. salivarius NK02 (Sajedinejad et  al. 
2018).

Unlike the results obtained in the clinical stud-
ies previously described, other studies have found 
no significant additional effects with the use of 
probiotic therapy in periodontitis (Pelekos et al. 
2019. The combination of L. reuteri strains (DSM 
17938 and ATCC PTA 5289), administered in 
lozenges as an adjunct to SRP in patients with 
chronic periodontitis did not result in any signifi-
cant advantage when compared to placebo 

19 Probiotics During the Therapeutic Management of Periodontitis



366

(Pelekos et  al. 2019). Another clinical trial 
reported that the use of a cocktail of Streptococcus 
(Streptococcus oralis KJ3, Streptococcus uberis 
KJ2, Streptococcus rattus JH145) as an adjunct 
to SRP in periodontitis patients yielded no sig-
nificant improvement when compared to placebo 
(Laleman et al. 2015). Furthermore, administra-
tion of L. brevis CECT7480/L. plantarum 
CECT7481 as adjuncts to SRP resulted in 
reduced gingival bleeding when compared to pla-
cebo. However, the probiotic combination group 
presented increased number of diseased sites at 
the end of the study (Pudgar et  al. 2021). The 
local and systemic use of these same strains also 
promoted reductions in bleeding on probing, gin-
gival index and red complex bacteria. However, 
their use did not result in advantages regarding 
PD and clinical attachment level (CAL) when 
compared with controls (Patyna et al. 2021).

Systematic reviews and meta-analyses 
reported that adjuvant probiotic in the periodon-
tal treatment can result in additional benefits in 
clinical and microbiological parameters 
(Matsubara et  al. 2016; Ikram et  al. 2018). 
Another meta-analysis involving only RCTs 
using L. reuteri (DSM 17938 and ATCC PTA 
5289) supported this therapy as an adjuvant to 
SRP in the treatment of periodontitis at short- 
term, especially in initially deep pockets (Martin- 
Cabezas et al. 2016). A recent systematic review 
and meta-analysis assessed the effects of probiot-
ics at different follow-up time-points (Ho et  al. 
2020). 10 RCTs included in this study comprised 
patients that received SRP with probiotics or with 
placebo or SRP alone. Regarding clinical param-
eters, both 3-month and 12-month data showed 
significant benefit for the probiotics groups with 
greater magnitude at 12  months in pooled esti-
mates of PD reduction. The results showed a sig-
nificant benefit for probiotics in both PD and 
CAL when baseline mean PD values 
were ≥ 5 mm, indicating that the outcomes may 
be impacted by baseline disease severity.

However, the guidelines of the European 
Federation of Periodontology did not recommend 
the adjunctive use of probiotics in the treatment 
of periodontitis (Sanz et al. 2020) Nevertheless, it 
is important to emphasize that the conclusions 

were based on data not limited to severe disease 
at baseline.

Several clinical trials evaluated the adjunctive 
administration of probiotics in the management 
of experimental or established gingivitis. 
Systemic probiotic regimens were applied, 
including the isolated or associated use of L. 
casei Shirota, L. reuteri (ATCC 55730 and ATCC 
PTA 5289), L. plantarum CECT 7481 (AB15), L. 
brevis CD2 and CECT 7480 (AB38), L.rhamnosus 
LGG, L. rhamnosus PB01, L. curvatus EB10, B. 
animalis subsp. lactis DN-173010, B. lactis 
BB-12 and Pediococcus acidilactici CECT 8633 
(AB30) (Twetman et al. 2009; Slawik et al. 2011; 
Lee et al. 2015; Kuru et al. 2017; Montero et al. 
2017; Alanzi et al. 2018; Keller et al. 2018). In 
general, these studies have demonstrated 
improvements in gingival inflammatory parame-
ters. Some of them also showed reductions in the 
amount of dental plaque and volume of gingival 
crevicular fluid, and improvements in microbio-
logical and immunological parameters. The com-
bination of lozenges containing two L. reuteri 
strains (DSM 17938 and ATCC PTA 5289) has 
also reduced Gingival and Plaque Index in 
healthy women presenting pregnancy gingivitis 
(Schlagenhauf et al. 2020).

Other studies failed to demonstrate additional 
clinical benefits after the administration of L. 
casei Shirota and L. reuteri (DSM 17938 and 
ATCC PTA 5289) in gingivitis (Staab et al. 2009; 
Iniesta et  al. 2012). However, these probiotics 
resulted in improvements in inflammatory mark-
ers in gingival crevicular fluid (Staab et al. 2009) 
and reduction of periodontal pathogens in the sub-
gingival microbiota (Iniesta et al. 2012). On the 
other hand, local administration of probiotics (B. 
subtilis, B. megaterium and B. pumulus in tooth-
paste, mouthrinse and toothbrush cleaner) did not 
demonstrate any effect on clinical parameters in 
gingivitis patients (Alkaya et al. 2017). A system-
atic review with meta-analysis reported that half 
of the clinical trials demonstrated additional clini-
cal benefits with the use of probiotics in the man-
agement of gingivitis (Akram et al. 2020).

It is important to consider that RCTs on probi-
otics as adjuvant of the periodontal treatment are 
very heterogeneous regarding dosages, probiotic 
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strain and/or combinations of strains, frequency 
of use and mode of application, duration of ther-
apy, and baseline disease severity, making it dif-
ficult to draw definitive conclusions. However, it 
should be emphasized that SPT represents a 
potential application of probiotic therapy, since it 
is difficult to obtain adequate patient compliance 
over a long period of time. The potential to pro-
mote immunomodulation, guide pockets recolo-
nization after the active phase of therapy and 
absence of side effects, which allows the admin-
istration for prolonged periods, favor the indica-
tion of probiotics in SPT. This potential has been 
evidenced in two recent controlled clinical stud-
ies using a combination of two L. reuteri strains 
(L. reuteri DSM 17938 and ATCC PTA 5289) 
(Grusovin et al. 2020; Laleman et al. 2020). The 
authors observed that the adjunctive use of the 
probiotic led to additional benefits in clinical 
periodontal parameters, such as reduction in 
probing depth and clinical attachment gain.

19.7  Future Approaches

The control of periodontitis should face the dis-
ease in its multifactor aspects, including antimi-
crobial and anti-inflammatory activities (Bartold 
and Van Dyke 2017). In the near future, a deep 
knowledge on the functional role of the oral and 
gut microbiomes will be critical to the develop-
ment of probiotics targeting the control of peri-
odontitis. Unlike other mucosa surfaces in 
humans (Ravel et al. 2011; Turroni et al. 2019), 
Lactobacilli and Bifidobateria are not hallmark of 
a healthy associated oral microbiome. Thus, 
other organisms highly adapted to subgingival 
oral sites seem better choices of probiotics toward 
the control of periodontitis.

The ideal probiotic strain for oral health 
should be able to colonize the oral sites for a pro-
longed period, be harmless, favor commensals, 
and impair colonization of pathogens and patho-
bionts. These properties would require a synergy 
of several different effector molecules with anti-
bacterial activity and modulatory properties as 
well as the ability to break the resistance of the 
established microbiome to changes. Most of our 

knowledge on these molecules related to few cul-
tivable organisms, and our repertoire of benefi-
cial properties should be extended to less 
characterized microorganisms. Future studies 
should aim to express antibacterial proteins 
highly specific against oral pathogens, without 
any toxicity to oral commensals. Due to public 
awareness of genetically modified organisms, 
these organisms should be natural (wild) or if 
recombinant organisms are to be produced, they 
would be better used as postbiotics.

Clinical evidence indicated that probiotics 
should be effective as adjuvants in the treatment 
of periodontitis, mainly considering severe dis-
ease at baseline. The existing evidence came 
from studies that the dental biofilm is disrupted 
by mechanical means, and inflammation is tem-
porally controlled. Therefore, the effect of probi-
otics on the restoration of homeostasis in 
non-treated periodontitis patients should still be 
addressed.

The oral cavity is a constantly changing envi-
ronment, and a single probiotic may not cope 
with all conditions and exert a beneficial effect in 
all subjects. Probiotics able to control mild forms 
of periodontitis may be less effective in patients 
with aggressive periodontitis (Kawamoto et  al. 
2020) or other genetically encoded susceptibility 
(Pigossi et al. 2019). Specific microbiome signa-
tures and differences in immune response accord-
ing to smoking habits, age, diabetes and obesity, 
use of medications, impaired nutrition, hormonal 
variations, and immunocompromised status may 
also influence probiotic benefits. This great vari-
ability in humans indicates that next generation 
probiotics should be tailored according to the tar-
get population (Satokari 2019).

Restoration of the commensal microbiome 
may not be achieved by a single or a group of 
probiotic strains. Studies on oral microbiome 
transplantation and oral consortium of symbionts 
should be undertaken for the treatment of refrac-
tory cases, similar to those used for the gut dysbi-
otic microbiome (Li et al. 2015; Allegretti et al. 
2019).

Overall, probiotics are promising tools to 
improve periodontal treatment in order to restore 
the microbial balance and modulate host 
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response. However, the clinical translation of 
research in probiotics to the periodontal treat-
ment should be optimized by the development of 
consortia of strains with different functions and 
niches, to be used according to the individual 
needs.
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Abstract

Background: Periodontitis is a chronic 
inflammatory disease characterized by the 
loss of tooth-supporting tissues (or periodon-
tium) leading to the formation of periodontal 
pocket then to tooth loss. Conventional thera-
pies that involve tooth root debridement are 
still disappointing because they are more cen-
tered on periodontal repair than disease patho-
physiology causes. The meta-analysis we 
present here focused on the results of experi-
mental studies that investigated periodontal 

mesenchymal stromal cells (MSCs) therapy, a 
promising strategy to regenerate tissue, given 
to their immunomodulatory and trophic 
properties.

Methods: Using PubMed database and 
ICTRP search portal, 84 animal and 3 ran-
domized human studies were analyzed.

Results: Overall, our results highlighted 
that MSCs grafting, regardless of their tissue 
origin, enhances periodontal regeneration. A 
defect morphology suitable for an initial clot 
stabilization increases the procedure efficacy, 
especially if cells are carried using a vehicle 
from natural origin. Nevertheless, method-
ological biases have been highlighted and still 
limit the translation to human with high prog-
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nosis and regulatory considerations. Besides, 
because only 2 randomized human trials dem-
onstrated the efficacy of the procedure, fur-
ther studies are needed to investigate 
periodontal regeneration procedures on 
experimental models closer to human 
pathophysiology.

Conclusion: Although MSCs grafting in 
periodontal disease demonstrated therapeutic 
benefits in animal, it is critical to define more 
accurately protocols translatable to human 
and focus on the treatment of the pathology as 
a whole rather than on the restitution of the 
sole destroyed tissues.

Keywords

Periodontitis · Periodontal disease · Cell 
therapy · Tissue engineering · Mesenchymal 
stromal cell · Cell carrier · Meta-analysis

Abbreviations

ASC Adipose Stem Cells
ATMP Advanced Therapy Medicinal 

Products
BMSC Bone Marrow Stem Cells
DPSC Dental Pulp Stem Cells
GMP Good Manufacturing Practices
GMSC Gingival Margin Stem Cells
ICTRP International Clinical Trials Registry 

Platform
iPS Induced-Pluripotent Stem Cells
MSCs Mesenchymal Stem Cells
PDL Periodontal ligament
PDLC Periodontal ligament Stem Cells
UCMSC Umbilical Cord Mesenchymal Stem 

Cells

Patient Summary
Periodontitis is a chronic inflammatory dis-
ease characterized by the loss of tooth- 
supporting tissues (or periodontium) 
that leads from gum inflammation to tooth 
loss. Regardless of their tissue of origin, 
adult stem cells in autologous or allogeneic 
graft enhance periodontal regeneration. 
Nevertheless, despite these promising 
results, methodological biases have been 
highlighted and still limit the translation to 
human with high prognosis and regulatory 
considerations. It is critical to define more 
accurately a protocol translatable to human.

Considerations for Practice
• Auto or allogeneic mesenchymal cell 

transplantation is a promising therapy 
for periodontitis

• Cavity-like defects and natural cell 
vehicle are the best conditions to 
enhance periodontal regeneration

• Further studies are needed, especially in 
human with more rigorous designs

Highlights

• Periodontitis is a chronic inflammatory 
disease of the tooth-supporting tissues

• Immunomodulation et protrophic prop-
erties of MSC make them suitable for 
periodontitis cell therapy

• Animal studies show that the procedure 
is not dependant on the tissue origin or 
type of mesenchymal cells

• Future cell therapy studies must focus 
on the pathophysiology of periodontitis

A. Dubuc et al.
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20.1  Introduction

The periodontium is defined as a tooth- supporting 
tissue composed by the deep periodontium (root 
cementum – periodontal ligament (PDL) – alveo-
lar bone complex) which anchors the tooth in its 
bone socket, and the superficial periodontium 
(the gingiva) which protects this dentoalveolar 
junction. Indeed, the cellular renewal of the peri-
odontal connective tissue from the gingival and 
PDL progenitors is sustained by a supra- 
physiological local immunity that permanently 
retains the potential virulence of the oral micro-
bial ecosystem according to a host/microbiota 
gingival homeostasis (Bartold and Van Dyke 
2013). Periodontal attachment can therefore be 
considered as a septic joint.

Gingival inflammation or gingivitis, that 
mainly results of poor oral hygiene, is generally 
well controlled by an oral care restoration. 
However, deep periodontium disease (i.e. peri-
odontitis) may occur when gingival inflammation 
does not resolve and spreads to the deep peri-
odontium, promoting contamination of the root 
surfaces by the pathological bacterial biofilm. 
Inflammation and dysbiosis thus reinforce each 
other and changes in the periodontal environment 
increasingly select a pathobiotic microbial com-
munity (Lamont and Hajishengallis 2015). The 
periodontal anchorage is then destroyed leading 
to the formation of the pathognomonic entity of 
the disease: the periodontal pocket (Nanci and 
Bosshardt 2006; Kinane and Bartold 2007) dis-
playing quite complex anatomy. Under well- 
defined conditions, only the “intrabony” or 
“vertical” defects may be repaired and sometimes 
regenerated (Wikesjö and Selvig 1999).

Periodontitis is thus defined as a chronic 
inflammatory pathology associating dysbiosis, 
dysimmunity  – an exacerbated inflammatory 
reaction to chronic stresses on tooth-supporting 
tissue – that reinforce each other, and destruction 
of periodontal anchorage (Van Dyke et al. 2020; 
Papapanou et al. 2018). Therefore, the restoration 
or “reset” of periodontal homeostasis must be an 
essential feature to treat periodontitis in a sus-
tainable manner allowing the regeneration of the 
tooth anchorage. To date, no therapy is yet able to 

provide long lasting treatment and reversion of 
the rupture of gingival host/microbiota homeo-
stasis resulting from the imbalance between the 
dysbiotic microbial factor and the host’s defenses. 
In line with this paradigm, the goal of periodonti-
tis treatment is to restore tissue homeostasis by 
first decreasing the subgingival bacterial load and 
controlling both inflammation and tissue destruc-
tion. To this end, mechanical and chemical disor-
ganization of biofilm and subgingival calculus by 
non-surgical root debridement remains the cur-
rent standard treatment (Graziani et  al. 2017). 
When the disease is stabilized, periodontal regen-
eration procedures can be performed. The aim is 
to promote the maintenance of the fibrin clot 
resulting from post-surgical coagulation and to 
stimulate the recruitment of the endogenous PDL 
progenitors leading to tissue restitution (Wikesjö 
and Selvig 1999).

Regenerative techniques, including guided tis-
sue regeneration using natural or synthetic mem-
brane or bioactive factors such as enamel matrix 
protein derivatives, are unfortunately very unpre-
dictable, with only partial regeneration 
(Aichelmann-Reidy and Reynolds 2008; Sculean 
et al. 2015; Kinane et al. 2017). In addition, con-
trol of residual dysbiosis/inflammation is still 
uncertain and the perennial restoration of tissue 
homeostasis for long-term success of regenera-
tion strategies remains a challenge (Bartold and 
Van Dyke 2013). Thus, unlike current techniques, 
new periodontal regeneration strategies must 
simultaneously reverse dysbiosis, modulate 
immunity and promote the neoformation of peri-
odontal attachment. To achieve these goals, the 
requirements for periodontal regeneration treat-
ments have to: (i) combine anti-dysbiotic and 
immunomodulatory properties, (ii) maintain and 
protect the blood clot at the level of the periodon-
tal lesions (role of mechanical maintenance 
according to the architecture of the sites), (iii) to 
recruit and engage specific endogenous peri-
odontal progenitors for tissue regeneration while 
limiting fibrotic tissue spreading (Polimeni et al. 
2006).

Recent advances in regenerative medicine 
have made improvements possible by presenting 
imaginative possibilities for periodontal tissue 
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engineering. Cell therapy, using mesenchymal 
stromal cells (MSCs) is likely to induce a pro-
found modification of the periodontal microenvi-
ronment for a long-term restoration of tissue 
homeostasis and regeneration of periodontal tis-
sues in a predictable and sustainable manner. 
Indeed, grafting mesenchymal stromal cells, 
including mesenchymal stem/multipotent cell 
pools able to transdifferentiate, can promote the 
production of new tissue and/or to make the local 
microenvironment more suitable for endogenous 
stimulation has been tested with promising 
results (Monsarrat et al. 2014). Successful treat-
ment of various diseases, including cardiovascu-
lar diseases, chronic inflammatory diseases and 
major bone defects, based on multipotent adult 
MSCs therapy has been reported (Monsarrat 
et al. 2016a). MSCs can replace various mesen-
chymal cell types through their multipotency and 
influence the local microenvironment through 
local paracrine activities. Because of these unique 
properties, MSCs delivered in situ into periodon-
tal defects with appropriate biomaterial carrier 
can exert their effects at several levels, including 
neovascularization, immunomodulation, and tis-
sue regeneration (Galipeau and Sensébé 2018; 
Martin et al. 2019; Pittenger et al. 2019) . Over 
the last decades, numerous animal studies using 
various cell types and experimental settings have 
been published on this subject. The objectives of 
this meta-analysis are therefore to highlight the 
key determinants of MSCs periodontal therapy 
for a rational translation to Human.

20.2  Materials and Methods

20.2.1  Data Sources and Research 
Strategy

The PubMed database was searched. Clinical Trials 
were also identified through the ICTRP search por-
tal (available at http://apps.who.int/trialsearch/).

The research strategy (Supplementary Text 
S1) combined both keywords related to periodon-
tium (e.g. “periodontal disease” or “alveolar bone 
loss”) and keywords related to stem cells (e.g. 
“Stem cell transplantation”, mesenchymal and 
stromal). Reference lists were inspected to iden-

tify any additional relevant published or unpub-
lished data. The last research was conducted on 
2020/04/01.  This systematic review was per-
formed in accordance with the preferred report-
ing items for systematic reviews and 
meta-analyses guidelines (Moher et al. 2009).

20.2.2  Inclusion Criteria

All original reports regarding to the use of stem 
cells as a treatment therapy in deep periodontal 
tissue (cementum, alveolar bone and periodontal 
ligament) regeneration were included in this sys-
tematic review. In-vivo studies, and clinical trials 
were considered. All animal models, origin of 
periodontal defect or origin of stem cells were 
considered. Language of publication was 
restricted to English. Case reports were excluded 
from the systematic review. All studies dealing 
with the use of growth factors or secretome were 
not considered eligible. For meta-analysis, only 
studies with quantitative outcomes for experi-
mental and control groups were selected.

20.2.3  Outcomes

The following outcomes were considered: the 
type of methodology (in-vivo, clinical trial), the 
animal model, the type of MSCs, the type of 
defects, the methodology used for generation of 
the defects, and when applicable the scaffold 
used as cell carrier. We aimed to determine 
whether differences in the efficacy of periodontal 
regeneration between experimental and control 
groups were influenced by these characteristics.

20.2.4  Study Selection, Data 
Extraction and Quality 
Assessment

All results were screened based on titles and 
abstracts. Full texts of the potentially selected 
records were obtained for definitive inclusion. 
In-process clinical trials were discussed apart. 
Data extraction was performed twice by one 
author (AD) at a one-month interval.

A. Dubuc et al.

http://apps.who.int/trialsearch/


381

For quality assessment the following points 
were considered: carrying out a randomization 
procedure, blinding of participants (evaluators 
and/or the operators), calibration of the evalua-
tors and the operators, determination/justification 
of the number of animals required. Each point 
was noted as “Yes” when reported and “No” 
when unclear, not reported or not performed. 
Studies’ quality was so graded from 0 to 5 points.

20.2.5  Statistical Analysis

Animal and human studies were analyzed sepa-
rately. We performed meta-analyses on standard-
ized mean differences using an inverse variance 
random-effects method. The package “meta 4.9” 
was used to perform meta-analysis and plot the 
data with R 3.5.2 (Schwarzer et al. 2015). Only 
studies with an appropriate control group were 
considered for quantitative analysis. When a 
study had several experimental groups, each 
group was included separately in the quantitative 
analysis. The funnel plot was visually examined 
to determine publication bias.

20.3  Results

4481 results were identified. Based on the inclu-
sion criteria described above, 131 unique cita-
tions were included, 25 were excluded (7 
non-English languages studies (Ou et  al. 2000, 
2002; Lu et al. 2004; Kawaguchi et al. 2005; Xu 
et al. 2006; Sun and Liu 2014; An and Liu 2014), 
4 case reports (Yamada et al. 2006; Aimetti et al. 
2014; Kl et al. 2017; Hernández-Monjaraz et al. 
2018), 8 studies using growth factors or secre-
tome (Kawai et al. 2015; Liu et al. 2015; Wang 
et  al. 2016; Al-Sharabi et  al. 2016; Han et  al. 
2017; Nagata et al. 2017; Sakaguchi et al. 2017; 
Qiu et  al. 2020), 4 studies in which the MSCs 
were not cultured (Akbay et  al. 2005; Murano 
et  al. 2006; Fujinami et  al. 2007; Shalini and 
Vandana 2018)). A final total of 106 results were 
included in the systematic review and 70  in the 
meta-analysis (67 animal studies and 3 human 
randomized clinical trials). Flow diagram is 
available (Fig. 20.S1 in Appendix).

20.3.1  Characteristics of Included 
Studies

A summary of the characteristics of the included 
studies are available in the Table 20.1. The pro-
portion of human studies remains low compared 
to the number of animal studies (11% and 89% of 
studies, respectively). However, 12 clinical trials 
are currently in progress. Among them, 11 are 
randomized controlled trials, the periodontal 
defects studied are almost all intrabony defects. 
Cellular sources are autologous (subcutaneous 
fat, peripheral blood, dental pulp and periodontal 
ligament), carrier biomaterials are mainly plate-
let or collagen derivatives.

The most used animal models are dogs (42% 
of studies), followed by rats (36%) and minipigs 
(14%). Periodontal defects studied are fenestra-
tions, furcation defects and interproximal defects, 
in similar proportions. To induce periodontal 
defect, bone was mainly mechanically removed 
with burs (56% of studies), or by generating addi-
tional deep inflammation (20%). Ligature- 
induced periodontal defects with or without 
bacteria are rarely used (4%). Periodontal liga-
ment and bone marrow are the most represented 
therapeutic cell sources used with respectively 
43% and 26% of the total studies. Temporal evo-
lution of the different stem cell origin is exposed 
in Fig. 20.1. Periodontal ligament stem cells are 
the most consistently used over time. From 2010, 
a large variety of stem cells are found, including 
mesenchymal stem cells from dental pulp, gingi-
val margin, adipose tissue and bone marrow, and 
more recently induced pluripotent stem cells.

The biomaterials used as scaffold for stem 
cells were classified into six groups: natural 
extracellular matrix derived (collagen, fibrin, 
hyaluronic acid, 54% of studies), natural non- 
extracellular matrix derived (chitosan, silk, algi-
nate, 5% of studies), synthetic protein based 
(poly-L-lactic, poly(lactic-co-glycolic acid), 
15% of studies), synthetic calcium phosphate 
based (β-TCP, hydroxyapatite, 21% of studies), 
natural calcium phosphate based (bovine 
hydroxyapatite, 6% of studies) and no carrier 
used (15% of studies). Regarding guided tissue 
regeneration, an absorbable membrane has been 
used in 17% of studies, non-absorbable mem-
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brane in 10% while 79% of the studies did not 
perform guided tissue regeneration. Biomaterials 
distribution according to stem cell origin is 
shown in Fig. 20.2. The different types of stem 
cells have been associated with almost all the cat-
egories of carrier described above. However, 
natural extracellular matrix-derived scaffolds are 
preferred, mainly in association with periodontal 
ligament stem cells (43% of natural extracellular 
matrix derived carrier) and bone marrow stem 
cells (BMSC, 23% of natural extracellular matrix 
derived carrier).

A variety of methods was used by the authors 
to assess periodontal regeneration. For animal 
studies, histological analysis concerned 81 studies 
(96% of animal studies) in which quantification of 
bone, cement or periodontal ligament regenera-
tion was performed in 60 studies (71% of animal 
studies). Radiological measures were reported in 
34 animal studies (40%) and clinical measures 
only reported in 10 animal studies (12%).

For human studies, the main evaluation was 
clinical (periodontal pocket depth, clinical attach-
ment level) while radiological measures were 
reported in 8 studies (80% of human studies).

20.3.2  Efficacy of Periodontal 
Regeneration in Animal 
Studies

20.3.2.1  Bone Regeneration
Bone regeneration was investigated by micro-
scopic and/or radiography examination in 65 
studies. Meta-analysis showed that alveolar bone 
regeneration was significantly enhanced by mes-
enchymal stromal cells therapy (regardless of 
their tissue source) compared to ungrafted con-
trols (mean difference: 1.94 [95% confidence 
interval (CI): 1.43; 2.45], forest plot in Fig. 20.S2 
in Appendix).

To investigate whether the magnitude of the 
outcome difference between experimental and 
control groups could have been influenced by 
study characteristics, several subgroup analyses 
have been performed (Table 20.2). Bone regen-
eration by MSCs therapy was greater in rats and 
minipigs compared to dogs, significantly greater 

Table 20.1 Characteristics of included studies. 
In-process clinical trials were not added in this table. One 
study could be included into multiple groups

Outcome
Number of 
studies (%)

Study design 
N = 94

Animal trials 84 (89.4%)
Human trial 10 (10.6%)
Non-randomized 
controlled trial

5 (5.3%)

Randomized 
controlled trial

4 (4.3%)

Retrospective study 1 (1.0%)
Animal model 
N = 84

Dog 35 (41.7%)
Rat 30 (35.7%)
Minipig 12 (14.2%)
Mouse 5 (6.0%)
Ewe 1 (1.2%)
Rabbit 1 (1.2%)

Outcome 
N = 94

Histological 81 (86.2%)
Radiological 42 (44.7%)
Clinical 20 (21.3%)

Periodontal 
defect N = 94

Furcation 29 (30.9%)
Class I 5 (5.3%)
Class II 15 (16%)
Class III 13 (13.8%)
Not specified 1 (1.1%)
Fenestration 30 (31.9%)
Buccal 28 (28.8%)
Palatal 2 (2.1%)
Interproximal 38 (40.4%)
1 wall 11 (11.7%)
2 walls 22 (23.4%)
3 walls 15 (16%)
Supra-alveolar 2 (2.1%)
Not specified 1 (1.1%)
Not specified 1 (1.1%)

Defect 
generation 
N = 94

Mechanical 53 (56.4%)
Mechanical with 
induction of 
inflammation

19 (20.2%)

Ligature 6 (6.4%)
Ligature plus bacteria 3 (3.2%)
Orthodontic 2 (2.1%)
Pathogen-induced 1 (1.1%)
Human periodontitis 10 (10.6%)

Cell source 
N = 94

Periodontal ligament 
stem cells (PDLSC)

40 (42.6%)

Bone marrow stem 
cells (BMSC)

24 (25.5%)

Dental pulp stem cells 
(DPSC)

9 (9.6%)

Adipose stem cells 
(ASC)

8 (8.5%)
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Fig. 20.1 Temporal evolution of the different stem cell origin
This chord diagram represents the proportion of studies published between 1991 and 2020 dealing with each stem cell 
type (right side) and links them to their respective publication date (left side).
The outer ring of the figure contains the proportion of studies and the inner circle shows their absolute numbers. In each 
ring, the stem cell type in each time category is coded by colored segments, and vice versa. For instance, and reading 
the diagram from stem cell type, for periodontal ligament stem cells, 14 articles were published in 2015-2020 (indicated 
in the inner part of the circular diagram) and made up 27% of articles published in 2015–2020 (indicated on the left of 
the outer part of the circular diagram). Conversely, 35% of studies using periodontal ligament stem cells were published 
in 2015-2020 (indicated on the right of the outer part of the circular diagram). All original articles were included 
(N=94). A study could be considered in multiple categories.
Abbreviations: APSC, apical papilla stem cells; ASC, adipose stem cells; BMSC, bone marrow stem cells; DPSC, den-
tal pulp stem cells; GMSC, gingival margin stem cells; iPS, induced pluripotent stem cells; PDLSC, periodontal liga-
ment stem cells; PSC, Periosteum stem cells; Other groups include alveolar bone stem cells, dedifferentiated fat cells, 
umbilical cord stem cells, embryonic stem cells, cementum derived cells and fibroblasts.
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Fig. 20.2 Biomaterials distribution according to stem cell origin
This chord diagram exposes the relationship between the stem cell type and the biomaterials used as scaffold as well as 
the potential use of a guided tissue regeneration technique. The outer ring of the figure contains the proportion of studies 
and the inner circle shows their absolute numbers. All original articles were included (N=94). A study could be consid-
ered in multiple categories.
Used biomaterials: natural extracellular matrix derived (collagen, fibrin or hyaluronic acid), natural non extracellular 
matrix derived (e.g chitosan, silk), synthetic protein based (e.g poly (lactic-co-glycolic acid), poly-L-lactic acid), syn-
thetic calcium phosphate based (e.g β-TCP, hydroxyapatite) and natural calcium phosphate based (e.g bovine hydroxy-
apatite, demineralized bovine bone). Absorbable membranes (e.g collagen membrane) or nonabsorbable membrane (e.g 
PTFE membrane) have been used.
Abbreviations: APSC, apical papilla stem cells; ASC, adipose stem cells; BMSC, bone marrow stem cells; DPSC, den-
tal pulp stem cells; GMSC, gingival margin stem cells; iPS, induced pluripotent stem cells; PDLSC, periodontal liga-
ment stem cells; PSC, Periosteum stem cells; Other groups include alveolar bone stem cells, dedifferentiated fat cells, 
umbilical cord stem cells, embryonic stem cells, cementum derived cells and fibroblasts.

in class I & II furcation defects and 2 & 3-walls 
intrabony defects compared to class III furcation 
defects and 1-wall defects. No difference between 
stem cell types was found. Compared to autolo-
gous cellular sources, MSCs therapy using allo-
geneic and xenogeneic cells is significantly 
improved. When a biomaterial was used, only 
natural extracellular matrix-derived scaffolds 

significantly improved bone regeneration by 
MSCs (1.68 [1.14; 2.21]). Studies with the most 
methodological issues have significantly less 
bone regeneration than studies with higher bias.

20.3.2.2  Cementum Regeneration
Cementum regeneration was investigated by 
microscopic examination in 38 studies. Meta- 
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Table 20.2 Subgroup analysis of in-vivo studies for alveolar bone regeneration

Subgroup N
Standardized mean difference 
[95% Confidence Interval]

p-value for difference 
between subgroups

All 105 1.94 [1.43; 2.45] –
Animal model
Dog 42 1.38 [0.78; 1.95] 0.07
Minipig 17 2.38 [0.33; 4.43]
Rat 37 2.39 [1.46; 3.31]
Mouse 5 4.19 [0.16; 8.21]
Mesenchymal stem cell source
Periosteum stem cells 2 0.74 [−8.44; 9.92] 0.33

Gingival margin stem cells (GMSC) 5 1.01 [−1.03; 3.05]
Adipose stem cells (ASC) 9 1.10 [0.52; 1.69]
Others 7 1.45 [0.23; 2.67]
Apical papilla stem cells 3 1.75 [−9.19; 12.7]
Bone marrow stem cells (BMSC) 25 2.03 [1.07; 3.00]
Periodontal ligament stem cells (PDLC) 40 2.31 [1.22; 3.39]
Dental pulp stem cells (DPSC) 7 2.46 [−0.17; 5.08]
Induced pluripotent stem cells (iPS) 5 2.74 [−0.91; 6.39]
Autologous 50 1.35 [0.73; 1.96] 0.02
Allogeneic 28 2.46 [1.11; 3.81]
Xenogeneic 26 2.83 [1.84; 3.82]
Periodontal defect
Interproximal 1 wall 6 0.68 [−0.68; 1.35] < 0.001

Furcation class III 13 0.88 [0.28; 1.48]
Interproximal 2–3 walls 28 2.17 [0.83; 3.51]
Fenestration 34 2.37 [1.35; 3.40]
Furcation class I–II 24 2.51 [1.56; 3.47]
Defect generation
Ligature 13 1.41 [0.34; 2.48] 0.56
Mechanical 66 1.99 [1.38; 2.60]
Mechanical and inflammation 24 2.11 [0.64; 3.60]
Carrier
Natural calcium phosphate-based scaffold 8 0.35 [−0.6; 1.30] 0.01

Synthetic protein-based scaffold 16 0.66 [−1.12; 1.43]
Natural extracellular matrix derived scaffold 68 1.68 [1.14; 2.21]
Synthetic calcium phosphate-based scaffold 17 1.91 [−0.33; 4.14]
Natural non- extracell. Matrix derived scaffold 5 2.57 [−1.49; 6.63]
No scaffold 6 3.10 [0.48; 5.72]
Guide tissue regeneration
None 74 1.82 [1.29; 2.34] 0.69
Yes (synthetic membrane) 13 1.87 [0.43; 5.23]
Yes (natural membrane) 17 2.83 [0.75; 2.99]
Quality assessment
Randomization: Yes 51 1.84 [1.07; 2.61] 0.71
Randomization: No 53 2.03 [1.34; 2.73]

N corresponds to the number of analyzed groups. One study may contain several analyzed groups. Only subgroups with 
at least two different studies were considered for subgroup analyses. One study was removed after funnel plot analysis
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analysis showed that cementum regeneration was 
significantly enhanced by mesenchymal stromal 
cells therapy compared to without mesenchymal 
stromal cells (mean difference: 1.51 [95% CI: 
1.06–1.96], forest plot in Fig. 20.S3). Subgroup 
analyses revealed no significant differences 
according to study characteristics (Table  20.3). 
Studies with the most methodological issues tend 
to less cementum regeneration than studies with 
higher bias.

20.3.2.3  Periodontal Ligament 
Regeneration

Periodontal ligament regeneration was investi-
gated by microscopic examination in 16 studies. 
Meta-analysis showed that periodontal ligament 
regeneration was significantly enhanced by mes-
enchymal stromal cells therapy compared to 
without mesenchymal stromal cells (mean differ-

ence: 1.04 [95% CI: 0.17; 1.92], forest plot in 
Fig. 20.3).

20.3.3  Efficacy of Periodontal 
Regeneration in Human 
Studies

We identified 10 human studies in which 4 were 
randomized clinical trials (RCT). Only 3 (Dhote 
et al. 2015; Chen et al. 2016a; Abdal-Wahab et al. 
2020) of them have assessed the same clinical 
outcomes (probing depth and clinical attachment 
level).

Meta-analysis performed on the 3 RCT showed 
that clinical parameters were not significantly 
enhanced by MSCs therapy (−0.94 [−4.63; 2.74] 
and −0.82 [−2.33; 0.68] for Probing Pocket 
Depth and Clinical Attachment Level, 

Fig. 20.3 Forest plot of the meta-analysis of the effect of mesenchymal stromal cells therapy on ligament 
regeneration
Forest plot of the standardized mean difference (SMD) for periodontal ligament regeneration and its 95% confidence 
interval for each study comparison. A value above 0 means that therapeutic effect is in favor of cell therapy.
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Table 20.3 Subgroup analysis of in-vivo studies for cementum regeneration

Subgroup N
Standardized mean difference 
[95% CI]

p-value for difference 
between subgroups

All 62 1.51 [1.06; 1.96] –
Animal model
Minipig 7 0.83 [0.17; 1.50] 0.13
Dog 39 1.37 [0.83; 1.91]
Rat 14 3.02 [1.50; 4.55]
Mesenchymal stem cell source
Periosteum stem cells 2 0.07 [−10.5; 10.6] 0.27

Periodontal ligament stem cells (PDLC) 28 1.11 [0.58; 1.68]
Gingival margin stem cells (GMSC) 3 1.43 [−1.43; 4.30]
Adipose stem cells (ASC) 5 1.51 [0.20; 2.82]
Bone marrow stem cells (BMSC) 17 1.84 [0.92; 2.76]
Others 4 2.83 [−0.28; 5.94]
Autologous 41 1.29 [0.91; 1.67] 0.19
Allogeneic 9 1.27 [−0.24; 2.77]
Xenogeneic 12 2.75 [1.03; 4.47]
Periodontal defect
Interproximal 1 wall 5 0.87 [−0.93; 2.66] 0.24

Interproximal 2–3 walls 8 0.94 [0.27; 1.60]
Furcation class III 14 1.44 [0.84; 2.04]
Fenestration 15 1.70 [0.44; 2.96]
Furcation class I–II 19 2.05 [1.11; 2.99]
Defect generation
Mechanical and inflammation 15 1.01 [0.32; 1.71] 0.19
Ligature 6 1.23 [0.11; 2.36]
Mechanical 40 1.78 [0.19; 2.38]
Carrier
Natural calcium phosphate-based scaffold 7 0.53 [−0.52; 1.60] 0.47

No scaffold 2 1.04 [−7.62; 9.69]
Natural extracellular matrix derived scaffold 47 1.34 [0.92; 1.75]
Synthetic calcium phosphate-based scaffold 11 1.55 [−0.23; 3.34]
Synthetic protein-based scaffold 9 1.69 [0.17; 3.20]
Guide tissue regeneration
Synthetic membrane 14 1.14 [0.69; 1.60] 0.18
None 37 1.37 [0.83; 1.91]
Collagen membrane 11 2.44 [0.91; 3.98]
Quality assessment
Randomization: Yes 28 1.46 [0.86; 2.07] 0.97
Randomization: No 34 1.48 [0.90; 2.07]
Blinging examiner: Yes 19 0.69 [0.12; 1.25] 0.003
Blinding examiner: No 43 1.80 [1.29; 2.30]

N corresponds to the number of analyzed groups. One study may contain several analyzed groups. Only subgroups with 
at least two different studies were considered for subgroup analyses. One study was removed after funnel plot analysis
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 respectively). MSCs were prepared from gingival 
margin, umbilical cord and periodontal ligament.

20.4  Discussion

This meta-analysis reviewed more than 10 years 
of periodontal cell therapy in 84 pre-clinical trials 
and 10 clinical studies. Overall, it provides evi-
dence of the ability of MSCs transplantation to 
regenerate periodontal tissue in animals.

20.4.1  Methodology

This meta-analysis has aggregated quantitative 
data currently available on periodontal regenera-
tion by stem cells. However, this strategy has 
some potential limitations, as high heterogeneity 
in design and methodological quality of studies 
have been revealed. However, sub-group analy-
ses made possible to analyze part of this hetero-
geneity. Trials with animals should have the same 
level of exigence than human studies from the 
study validity and ethics point of view. Among 
the most critical methodological points to 
address, calibration and blinding of the examin-
ers, randomization of treatments, computing the 
number of animals to treat were rarely performed 
and reported. For example, computing the num-
ber of animals to challenge is critical for statisti-
cal power to demonstrate an effect of cell therapy 
compared to control. Among the 10 human stud-
ies, only 3 of them are randomized controlled tri-
als. More studies with control groups are needed. 
Overall, methodological drawbacks have a sig-
nificant impact on the interpretation of the results 
as demonstrated by higher effects size in studies 
with weaker methodological qualities.

20.4.2  Animal and Defect Models

In order to reproduce the morphology of the 
typical human defects, periodontal lesions are 
mainly induced by surgery rather than wires, 
ligatures or impression material around the 
teeth, poorly reflecting the natural pathophysiol-
ogy of periodontitis. For future studies, we sug-

gest that periodontal regeneration assays should 
more accurately consider both the inflammatory 
status and the change in pathogenic microflora 
typical of periodontitis (Graves et  al. 2008). 
Rodents, inexpensive and easy to house, may 
reach human pathophysiology characteristics 
under an appropriate design. Indeed, a study in 
mice challenged for 4  weeks with periopatho-
genic bacteria to develop periodontitis demon-
strated the efficacy of syngeneic ASC grafting 
in periodontal regeneration (Lemaitre et  al. 
2017).

Large animals remain the most relevant model 
because their teeth and periodontal region/defects 
anatomy are phenocopies close to human fea-
tures (Yan et al. 2015). Dog and minipig are the 
most used species for preclinical trials. The bea-
gle, spontaneously developing periodontitis on 
average from the age of 6  years, remains the 
“gold standard” given its size and cooperative 
temperament (Haney et al. 1995; Struillou et al. 
2010). It is obvious that in most studies, animals 
were too young and therefore had a higher poten-
tial for spontaneous repair/regeneration which is 
appropriate to demonstrate the proof of concept 
and treatment efficacy. However, it can represent 
a bias regarding to the age of patients actually 
elected for periodontal cell therapy. As age may 
impact the clinical issue and regenerative poten-
tial, complementary translational studies should 
be performed using at least adult or possibly old 
animals. Overall, animal experimentations poorly 
mimic some fundamental human characteristics, 
in particular the genetic background and risk fac-
tors (aggressive bacterial flora, occlusal overload, 
tobacco, prosthesis, systemic diseases of the host 
and donor, etc.…) that may impact regenerative 
results.

20.4.3  Cell Sources and Auto/
Allogeneic Grafting Strategies

One of the most important issues for the clinical 
application of periodontal cell therapy is the 
source of cells and their use in autologous or allo-
geneic grafting strategies. Every MSCs source 
has its own biological characteristics and their 
fate after transplantation can be conditioned by 
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their original environment (Lin et  al. 2009) as 
well as by the recipient local microenvironment 
and surrounding tissues (Chen et  al. 2011). A 
wide variety of MSCs sources were used for peri-
odontal cell therapy in human and animal, includ-
ing PDL cells (PDLSC), dental pulp stem cells 
(DPSC), gingiva margin stem cells (GMSC), 
umbilical cord mesenchymal stem cells 
(UCMSC) and BMSC. PDLC and BMSC are the 
most common cell types used in periodontal cell 
therapy trials while MSCs from adipose tissue 
(ASC) and induced pluripotent stem cells (iPS) 
have only been assessed in animal trials. Overall, 
the efficacy of the procedure seems independent 
of the cell source.

Among oral sources, PDLSC are the most used 
cells for preclinical and clinical trials. GMSC, 
which can be more easily recovered than PDLSC 
during oral surgery, were also assessed for peri-
odontal therapy. Given their tissue origin, oral cells 
similarly appear as good candidates for periodontal 
therapy (Feng et  al. 2010; Suaid et  al. 2012) but 
they are not readily available for clinical practice or 
are retrieved on small amount when possible (Lin 
et al. 2009). Several considerations may be required 
to consider other MSCs sources than oral tissues 
(e.g., the availability of extracted teeth, genetic 
instability increasing and loss of potentialities 
through cell passages during expansion).

MSCs from extra oral niches (mainly BMSC 
and ASC) are morphologically and immunophe-
notypically similar to oral MSCs (Huang et  al. 
2009). Although extra-oral MSCs may have a 
reduced ability to differentiate into bone and car-
tilage in vitro (Kern et al. 2006) compared to oral 
MSCs (Takedachi et al. 2013; Tobita et al. 2013), 
we showed here that cells derived from bone 
marrow and adipose tissue display the same peri-
odontal regenerative abilities than oral MSCs. 
This result suggests that beyond their native 
 tissue imprinting, the host microenvironment and 
surrounding tissues provide critical factors influ-
encing the MSCs fate. Adipose tissue obtained 
from surgical resection or liposuction is 
 convenient and suitable to prepare large amounts 
of ASC, thus displaying increasing interest for 
cell therapy protocols (Monsarrat et  al. 2016c). 
Since ASC have already been successfully used 
in regeneration of extra oral connective tissue (Si 

et al. 2019), they represent a valuable source of 
cells for periodontal treatment. Finally, the 
immunosuppressive properties of ASC make 
them a good candidate for treatment of chronic 
inflammatory diseases such as periodontitis 
(Monsarrat et  al. 2016b). iPS, obtained after 
transfection of some stem cell-related genes into 
adult somatic cells, can differentiate into various 
cell types. These cells have shown promising 
results in periodontal regeneration (Tobita et al. 
2013). However, safety and efficacy issues 
remain to be more deeply addressed before trials 
in human.

Oral and extra oral MSCs were first assessed 
in periodontal therapy using autologous 
approaches to demonstrate the proof of concept 
(Monsarrat et  al. 2014). However, autogenous 
transplantation in human raises many issues: 
donor morbidity, laboratory constraints (culture, 
manufacturing delay, cell storage…), economic 
aspects and loss of cells capacities regarding sub-
ject features (age, health, risks factors…). Since 
MSCs have low immunogenicity (Ankrum et al. 
2014; Berglund et al. 2017) and immunosuppres-
sive activity, they can be used as an allogeneic 
source of cells which makes sense given the sys-
temic and inflammatory context of periodontitis. 
Indeed, since periodontitis develops in “suscep-
tible hosts”, the use of allogeneic MSCs from 
healthy and young donors should help to mitigate 
potential alterations of endogenous MSCs 
(Hajishengallis 2014). Moreover, allogeneic 
strategy with cell banking allows to secure, to 
homogenize therapeutic production and to pro-
vide sufficient material at the time of transplanta-
tion. Such criteria are decisive for industrial 
manufacturing: lower production costs and 
results standardization. In beagle, cryopreserva-
tion of MSCs did not alter periodontal 
 regeneration compared to the use of non-stored 
cells (Li et al. 2009). However additional preclin-
ical data are required regarding to their immuno-
modulatory effect that remains conflicting as not 
fully understood (Poggi and Zocchi 2019). In 
addition, the use of allogeneic sources will have 
to be accompanied by regulatory procedures to 
comply with the legislation of Advanced Therapy 
Medicinal Products (ATMP) in Good 
Manufacturing Practices (GMP).
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20.4.4  Cell Carriers

Route of delivery is of major concern for cell 
therapy whether systemic or local injection of 
cell suspension or implanted embedded with a 
more structured vehicle. It is assumed that carri-
ers need to mimic the microenvironment of 
endogenous cells and may contribute to their cell 
fate by enhancing cell-extracellular matrix inter-
actions. Although GMSC and iPS in saline buffer 
has been shown to be efficient to regenerate peri-
odontal defects through systemic injection (Yang 
et  al. 2014; Sun et  al. 2019), most cell therapy 
protocols were designed using vehicles from nat-
ural origin, displaying the best results in peri-
odontal regeneration. Bone substitutes have been 
reported to improve the efficacy of grafted MSCs 
in experimental periodontal defects, probably 
because they properly fill the wound, stabilize the 
blood clot and confine the cells to the surgical site 
without rapid resorption. Thus, MSCs delivery 
should be based on retention potential of the 
defect and, more specifically, on the remaining 
number of alveolar bone walls. When the lesions 
are retentive, liquid or gel scaffolds may be used 
without cell decay. When sufficient bony walls 
are lacking, clinical outcome may be improved if 
cells are associated with a bone substitute that 
confines them to the surgical site. Besides, carri-
ers such as platelet lysate hydrogel that combine 
ergonomic handling, adequate wound filling, 
functional support for grafted MSCs and endog-
enous microenvironment conditioning, suggest 
very promising prospect in periodontal cell ther-
apy (Tobita and Mizuno 2013).

20.4.5  Periodontal MSC Therapy 
Outcomes

Most of animal studies show that MSCs grafting 
significantly improves bone, cement and PDL 
regeneration, regardless of the animal model 
used. The outcomes of MSCs grafting are mostly 
assessed by radiological and microscopic quan-
tification of alveolar bone neoformation. As ear-
lier pointed out in carrier section, the most 
favorable alveolar defect morphologies for 

regeneration are angular, 2–3 walls or class I or 
II furcation lesions because they provide reten-
tion of the carrier and stabilization of the initial 
blood clot. Cell grafting does not seem to 
increase the well-known low regeneration poten-
tial of 1-wall and class III furcation defects 
(Sculean et al. 2008). Optimization of the scaf-
folding carrying the cells, by 3-D printing for 
example, would likely improve in the future the 
regeneration of these low retentive lesions as 
recently reported (Wu et  al. 2019). Cementum 
repair has only been assessed in 45% of animal 
studies, only by microscopy and is therefore 
impossible to evaluate in human since it would 
be equivalent to remove the treated tooth. 
Nevertheless, cementum is the key-tissue for 
periodontal regeneration as it guarantees the for-
mation of a new functional attachment (Bosshardt 
et al. 2015). The neoformation of PDL fibers, the 
key functional entity of the dento-alveolar joint, 
is also significantly improved by the MSCs 
grafting. We highlight here that periodontal 
regeneration outcomes have mainly been dem-
onstrated using a quantitative (tissue quantity) 
approach. However, for now, a more rigorous 
investigation is needed to investigate the struc-
tural aspects involved in the new functional 
attachment repair, the bone quality (e.g. cellular-
ity), the cement type (i.e. regeneration of the 
extrinsic acellular fiber cement), and the hierar-
chy and organization of the periodontal ligament 
fibers (Lemaitre et al. 2017).

It is noteworthy that MSCs of extra-oral origin 
are likely to promote the formation of alveolar 
bone, cementum and PDL. Because of their plas-
ticity, it has been suggested that grafted MSCs 
might transdifferentiate into cementoblasts, 
osteoblasts of alveolar bone and fibroblasts of the 
PDL (Liu et al. 2019). However, recent data sug-
gest that these cells are also capable of influenc-
ing the fate of endogenous MSCs so that they 
differentiate and re-synthesize an extracellular 
matrix for regeneration. We consider this para-
digm shift essential to the understanding of the 
phenomena inherent to the activity and efficacy 
of MSCs in cell therapy in general, that may at 
least explain long term efficacy of the treatment 
with a transient presence of administrated cells. 
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To further develop the concept, it is still required 
to experimentally demonstrate these hypotheses 
in future.

20.4.6  Periodontal Cell Therapy 
in Human Studies

Among the 10 human studies reported, only 3 
randomized trials were found: 2 studies (Dhote 
et al. 2015; Abdal-Wahab et al. 2020) concluded 
that the pocket depth was reduced, while the third 
one (Chen et al. 2016b) stated that there was no 
significant difference between the two groups, 
possibly due to the small number of subjects. In 
addition, the authors treated one-wall defects, 
which, as already mentioned, usually display a 
poor prognosis. Overall, the high risk of bias and 
the extreme variability of the protocols are likely 
to explain that the meta-analysis only tends 
towards significance and makes results difficult 
to explain. Various clinical trials are in progress 
and their outcomes will certainly give clues to 
optimize the translation to human.

20.5  Conclusion and Perspectives

This meta-analysis indicates that periodontal cell 
therapy publications are flourishing. Although 
further studies are needed to decipher the bio-
logical mechanisms involved, it is now possible 
to optimize the efficacy, ergonomics and rational-
ity of a periodontal cell therapy procedure for 
humans. However, it is necessary to build strate-
gies in line with the use of ATMP in Good 
Manufacturing Practices (GMP) according to the 
fundamental concepts that we have exposed in 
our study, we can summarize here:
 – Clinical studies must first ensure the safety of 

the procedure, before efficacy studies;
 – In regionalized lesion sites, the cells rather 

have to be delivered in a local and targeted 
manner, using a natural and degradable carrier 
that mimics an extracellular matrix and adapts 
to the morphology of the lesion, all in a 
regulatory- validated ATMP setting; however, 
the need for an extracellular matrix carrier 

will make the cell therapy into a “combination 
product”, with the need of additional regula-
tory assessments and authorizations to use the 
final therapeutic product for humans.

 – It is more rational to use allogeneic cells, from 
a readily available source such as adipose tis-
sue, whose batches have been tested and opti-
mized in compliance with GMP 
requirements;

 – Finally, among the different cellular sources, 
ASC seem to be relevant. Assuming preclini-
cal data presented herein will be confirmed by 
randomized human studies, these cells would 
be particularly indicated for periodontal con-
siderations given their biological properties.

Both in the specific context of periodontal dis-
ease and in the more general context of MSCs 
cell therapy, we suggest evolving from the con-
cept of tissue regeneration, as in most of the stud-
ies, to the concept of “whole disease therapy” by 
a reeducation of the endogenous microenviron-
ment and a homeostasis resetting following the 
transplantation of MSCs in appropriate vehicle. 
The restitution of altered tissue in inflammatory 
pathologies is only conceivable in the control of 
dysimmunity, or even dysbiosis as in the case of 
periodontitis.
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Fig. 20.S2 Forest plot 
of the meta-analysis of 
the effect of 
mesenchymal stromal 
cells therapy on bone 
regeneration
Forest plot of the 
standardized mean 
difference (SMD) for 
alveolar bone regeneration 
and its 95% confidence 
interval for each study 
comparison. A value above 
0 means that therapeutic 
effect is in favor of cell 
therapy.
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Fig. 20.S3 Forest plot of the meta-analysis of the effect of mesenchymal stromal cells therapy on cementum 
regeneration
Forest plot of the standardized mean difference (SMD) for cementum regeneration and its 95% confidence interval for 
each study comparison. A value above 0 means that therapeutic effect is in favor of cell therapy
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