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1.1  Introduction

Periodontal diseases are complex diseases of 
multifactorial origin which are initiated by a 
diverse group of dysbiotic oral microbial species, 
yet the disease progression, clinical presentation, 
and response to therapy are driven by the deregu-
lated and non-resolving inflammatory responses 
due to host genetic and epigenetic factors, envi-
ronmental, and systemic perturbations (e.g., 
improperly designed restorations, obesity, stress, 
aging, uncontrolled diabetes, immune disorders, 
and use of certain medications) and lifestyle pref-
erences (e.g., smoking, eating habits) [1–7]. If 
not treated or properly managed, periodontal dis-
ease results in loss of periodontal tissue architec-

ture, creates esthetic and functional complications 
and eventually tooth loss. Persistent and severe 
forms of the disease are also associated with 
numerous systemic complications [8].

Despite many advances in the field, periodon-
titis continues to be a substantial medical, psy-
chological, and financial burden worldwide 
affecting more than 50% of the adult population 
[9]. The prevalence of periodontitis increases 
with age and considering the increased lifespan, 
it is imperative to understand the biology of aging 
periodontal tissues and incorporate the needs of 
these patients in clinical management [10, 11]. 
Similarly, with the growing number of implant- 
supported restorations in clinical practice, the cli-
nicians and researchers are now faced with the 
challenge of increased prevalence of peri- 
implantitis, which is a disease affecting the tis-
sues surrounding implants [12, 13].

The ultimate goal of periodontal research is 
the development of effective preventive and 
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 therapeutic strategies to improve clinical out-
comes and achieve pristine oral and systemic 
health. As we enter the era of precision medicine 
which aims to personalize therapies, research 
efforts are directed to fully characterize the key 
cellular and molecular factors that regulate peri-
odontal tissue homeostasis, understand the inter-
actions between host and the microbiome, and 
identify disease susceptibility markers and risk 
modifiers for more targeted approaches. 
Integration of biological sciences, engineering, 
and omics data with the rapidly emerging tech-
nologies in clinical, basic, and regenerative medi-
cine will be at the center of personalized 
periodontics. Future periodontal practice will be 
shaped by genetic, molecular, cellular and physi-
ological analyses and assessment of environmen-
tal exposures and lifestyle preferences and 
incorporation of biological data and technical 
advances to plan individualized preventive and 
treatment strategies [14–18].

Many reports are already available in the lit-
erature, which discuss various non-surgical and 
surgical therapies with and without adjunct anti-
microbial and/or anti-inflammatory agents to 
manage periodontitis and peri-implantitis [15, 
19–21]. Most of these therapeutic modalities are 
considered as the standard mode of clinical prac-
tice and effective in the majority of the cases 
exhibiting mild to moderate forms of the dis-
eases. Yet, the research also indicates that anti- 
infective therapy using non-specific mechanical 
approaches and antimicrobials alone does not 
provide long-term stability and fails to effectively 
manage almost 25% of periodontitis patients. 
There are also growing concerns about the devel-
opment of antibiotic resistance. Moreover, the 
currently available host modulation therapies 
exhibit various side effects. Hence, successful 
management of periodontitis requires alternative 
modes of preventive and therapeutic strategies 
assessing individual risk and causation and tar-
geting multiple disease predisposing factors [22].

In this book, we aimed to take our thinking 
further and provide a glimpse of emerging strate-
gies and concepts which are currently being 
tested in preclinical and/or clinical settings and 
show promise as future novel therapies in the era 

of precision oral care. An up-to-date information 
is provided in each chapter about novel concepts 
and new studies toward better management of 
periodontitis and peri-implantitis. We focus on 
therapeutics targeting immune response and 
microbiome as well as recent advances and tech-
nologies in laser therapy and regenerative medi-
cine including protein and cell-based approaches 
and 3D printing. The key biological processes in 
health and disease in aging periodontal tissues 
and implications for patient management are also 
discussed.

Following paragraphs provide a brief over-
view of the evolving paradigm in the pathogene-
sis of periodontal diseases and patient 
management and share perspectives for precision 
oral health care. More detailed discussions about 
the critical host immune and inflammatory path-
ways, oral cavity microbiome in health and dis-
ease, and novel periodontal regenerative 
strategies are highlighted in each subsequent 
chapter.

1.2  The Pathophysiological 
Stages of Periodontal Lesion

The periodontium consists of various cells of 
myeloid and non-myeloid origin distributed 
within four components including gingiva, peri-
odontal ligament, cementum, and alveolar bone. 
Even though each periodontal division is distinct 
in its location and composition, they all function 
as one unit and the cellular activities occurring in 
one site can affect the others. The periodontal tis-
sues are constantly exposed to a diverse group of 
microbiome including commensal and external 
bacteria, viruses, and fungi as well as stress origi-
nating from chemical and mechanical trauma, 
which trigger activation of immune and inflam-
matory pathways in an attempt to protect the host 
and maintain health. The periodontal tissue 
homeostasis and architecture are preserved by 
the balance between host destructive and repair 
processes to this constant stress. Thus, multiple 
cells with different functions are involved in vari-
ous stages of periodontal pathology and the inter-
play between microbial components, the cells of 
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the periodontal tissues, and the constant influx of 
inflammatory mediators and tissue-derived 
enzymes determine the transition from health to 
disease [23].

The initial inflammatory response in the peri-
odontium is triggered by the sensing of microbial- 
associated molecular patterns (MAMPs) (e.g., 
lipopolysaccharide [LPS], lipoproteins) and/or 
damage/danger-associated molecular patterns 
(DAMPs) (e.g., nucleic acids, fibrinogen, heat- 
shock proteins) through specialized pattern- 
recognition receptors (PRRs) (e.g., Toll-like 
receptors [TLRs], complement receptors, and 
NOD-like receptors [NLRs]). These interactions 
mainly activate nuclear factor kappaB (NF-kB) 
and mitogen-activated protein kinase (MAPK) 
signaling pathways, leading to the production of 
proinflammatory cytokines and chemokines that 
aid in the development of an efficient innate 
immune response to eliminate the insult and 
coordinate development of an adaptive immune 
response. Although activation of the immune sys-
tem is crucial to combat infections, it is equally 
important to have properly functioning regula-
tory pathways to facilitate timely termination of 
inflammation, allow resolution and tissue healing 
thereby prevent collateral tissue damage  
[8, 24–26].

The periodontal disease progression follows 
four classical histological stages: initial, early, 
established, and advanced lesions [27, 28] 
(Fig. 1.1). These definitions are based on the dis-
tinctive histological features of the developing 
lesion with regard to the presence of specific 
cells and the extent of tissue destruction, yet the 
disease progression is a highly interactive and 
dynamic process where there is commonality 
between each stage, with similar cells and 
inflammatory mediators, histological character-
istics, and clinical symptoms. Further expanding 
onto these classical definitions of periodontal 
lesion, the transition from health to disease state 
was categorized in four schemes as follows: (1) 
“acute bacterial challenge phase” which refers 
to the initial response to the commensal microbi-
ome (initial lesion), (2) “acute inflammatory 
phase” which defines the initial inflammatory 
reaction (initial and early lesions); (3) “immune 

response phase” which defines the progression 
of immune and inflammatory responses involv-
ing activation of numerous types of mononuclear 
cells (early and established lesions or gingivi-
tis), and (4) “regulation and resolution phase” 
which defines the stage where a normal protec-
tive host response may either terminate (health) 
or deviate toward a more prolong and destructive 
chronic immunoinflammatory state in suscepti-
ble individuals (advanced lesion or periodonti-
tis) [29] (Fig.  1.1). While these histological/
clinical phases provide an overview of the events 
occurring between host and microbiome within 
the oral cavity leading to health or disease states, 
the biological processes are not linear and inde-
pendent from each other and there is significant 
interplay between phases.

The initial sequelae in gingival inflammation is 
a subclinical acute inflammatory lesion which is 
characterized with increased vascular dilation and 
blood flow accompanied by the migration of neu-
trophils toward the lesion due to chemotactic stim-
uli originating both from microbial cells and 
host-derived inflammatory mediators such as IL-8 
(CXCL8), complement components C5a and C3, 
and leukotrienes. There is also activation of com-
plement and kinin systems and arachidonic acid 
pathways and possible collagen loss. The initial 
lesion is typically response to continuing presence 
of acute microbial challenge and if the acute 
inflammation fails to resolve rapidly, it may evolve 
into a chronic inflammatory lesion [30, 31].

Early lesions display accentuation of the fea-
tures of the initial lesion with increased vascu-
larization, accumulation of more PMNs and 
lymphocytes (mainly T-cells) as well as continu-
ous activation of complement and arachidonic 
acid pathways. Macrophages, plasma cells, and 
mast cells start to appear at the site of acute 
inflammation. These cells produce pro- 
inflammatory mediators including TNF-α, 
IL-1β, IL-6, IL-8, and IL-17, which may exacer-
bate the inflammatory response and promote 
progression to more advanced stages of the dis-
ease. There is further loss of the collagen fiber 
network around the inflammatory infiltrate due 
to the activation of the local immune system. 
Clinical features may include bleeding, edema, 

1 Evolving Paradigms in the Pathogenesis and Management of Periodontitis



6

and erythema. Both initial and early lesions con-
stitute the acute inflammatory reactions to oral 
commensals [30, 31].

As the disease progresses into the established 
or the immune response phase, there is a transi-
tion from an acute lesion to a chronic state. The 
manifestations of early and initial changes still 
persist, along with the appearance of 
B-lymphocytes and continuingly increased num-
bers of PMNs, macrophages, monocytes, and 
T-cells. There is also the presence of extravascu-

lar immunoglobulins in the connective tissue and 
in the junctional epithelium. In the established 
lesion, which is clinically diagnosed as gingivitis, 
there is a substantial loss of gingival extracellular 
matrix due to increased collagenase activity and 
activation of the local immune system, but with-
out bone loss. It is now well recognized that gin-
givitis is reversible and can remain stable with 
periods of exacerbation and remission  indefinitely 
and only progresses to periodontitis (advanced 
lesion) in susceptible individuals [30, 31].

PMN Plasma cell fibroblast Th17 T-reg

M1 macrophage Dendritic cell Monocyte B-cell M2 macrophage

Osteoclast

????

????
????

Lifestyle
(i.e. smoking, 
diet, exercise)

Genetics 

Epigenetics

Environmental 
stress

Systemic 
perturbations

Dysbiotic
microbiome

Local and 
mechanical 

disturbances 

Acute microbial
challenge phase

Acute Inflammatory
phase

Regulation and
Resolution phase

Immune Response
phase

Initial lesion Established lesionEarly lesion Advanced lesion

Fig. 1.1 The schematic model of periodontal disease 
progression. During the initial response, acute microbial 
challenge phase, microbial components (e.g., lipopro-
teins, LPS, nucleic and fatty acids, and FMLP) trigger the 
release of inflammatory mediators (e.g., IL-1, IL-8, TNF, 
prostaglandins, and matrix metalloproteinases) from the 
epithelial cells. Further release of histamine from mast 
cells and activation of endothelial cells drive the migration 
of neutrophils to the site. The acute inflammatory phase 
(early lesion) is characterized by the augmentation of the 
local inflammatory responses, activation of serum protein 
systems (e.g., complement), additional leukocyte recruit-
ment, activation of macrophages, and release of more 
inflammatory and immune mediators and chemotactic 
substances. Immune and inflammatory phase (established 
lesion) depicts a further increase in inflammatory and cel-
lular activity and transition from an acute lesion to a 
chronic state. In addition to the continuous activation of 
macrophages and serum proteins, T cells, B cells, and 
plasma cells appear in the tissue. During the regulation 

and resolution phase, there is orchestrated activity of all 
systems to control microbial insult and balance the tissue 
destructive and healing phases of the immune response. If 
tissue homeostasis is sustained, the established lesion 
does not further progress and remains stable with periods 
of activity and resolution for years. Failure of timely ter-
mination of inflammation alters microbial community, 
and generates a non-resolving inflammatory state which is 
further perpetuated by microbial dysbiosis eventually 
leading to the destruction of extracellular matrix and loss 
of alveolar bone. The advanced lesion of periodontitis is 
characterized by the initial loss of attachment and alveolar 
bone. There is increased cellular activity and production 
of more inflammatory mediators and tissue-derived 
enzymes by activated PMNs, macrophages, monocytes, 
lymphocytes, fibroblasts, osteoblasts, and osteoclasts. It is 
imperative to fully understand the factors which increase 
susceptibility and molecular and cellular events occurring 
in each phase to manage the disease
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The regulation and resolution phase deter-
mines the final stage of the transition to periodon-
titis or advanced lesion. At this stage, the 
symptoms of established lesion and immune 
response phase persist with the progression of 
inflammation to involve the alveolar bone. 
Production of more inflammatory mediators such 
as cytokines, chemokines, arachidonic acid 
metabolites (prostaglandins), and complement 
proteins by activated PMNs, macrophages, 
monocytes, lymphocytes, fibroblasts, and other 
host cells can cause oxidative damage by promot-
ing the release of tissue-derived enzymes such as 
matrix metalloproteinases (MMPs). Furthermore, 
cytokines can act on stromal and non-stromal 
cells causing increased expression of receptor 
activator of nuclear factor kappa-B ligand 

(RANKL) while decreasing osteoprotegerin 
(OPG) production. If the inflammation is not 
resolved, destruction of extracellular matrix and 
irreversible alveolar bone loss occur (advanced 
lesion or periodontitis) [31] (Fig. 1.1).

Substantial progress has been made in defin-
ing the cellular and molecular mechanisms which 
participate in the pathophysiology of periodontal 
inflammation. It is revealed that periodontal dis-
ease progression does not follow a linear pattern 
and involves a highly coordinated and intercon-
nected array of biological and cellular events that 
are shaped by multiple host and environment- 
specific factors contributing to the susceptibility 
of the disease (Fig. 1.2). We now know that innate 
immunity does not simply represent different 
forms of physical and chemical barriers to 

Susceptible
host

Prolong
inflammation 

Microbial
Dysbiosis

Impaired
homeostasis

Genetics 

Epigenetics

Lifestyle
(i.e. smoking, 
diet, exercise)

Systemic
perturbations

(i.e. aging,
obesity)

Environmental
stress

Healing
Destruction

Diseases

Fig. 1.2 The schematic model of non-resolving and self- 
perpetuating periodontal inflammation and predisposing 
factors. Periodontitis is not solely a bacterial infection or 
a linear host response to a dysbiotic microbiome but rather 
characterized by a self-perpetuating state of prolonged 
inflammatory response and impaired tissue homeostasis 
involving highly coordinated and interconnected array of 
biological and cellular events which are driven by multi-
ple host and environment-specific factors. Factors which 

increase susceptibility for periodontitis are still under 
extensive investigation and include host genetic and epi-
genetic alterations, systemic perturbations (e.g., obesity, 
stress, aging, uncontrolled diabetes, immune disorders, 
and use of certain medications), environmental and local 
disturbances (e.g., microbial dysbiosis, improperly 
designed restorations, imbalanced masticatory forces), 
and lifestyle preferences (e.g., hygiene, smoking, eating/
drinking habits, exercise)
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 microbial insult, but constitutes a highly special-
ized and organized network of cellular and 
molecular pathways which interact closely with 
each other as well as the adaptive arms of the 
immune response to balance the tissue homeosta-
sis within the oral cavity [31–33]. It has been 
revealed that local tissues can play a critical role 
in sustaining homeostasis through local produc-
tion of homeostatic molecules or endogenous 
regulators and that cells are trained or pro-
grammed based on their specialized niches in the 
body [34]. The discovery of the dynamic recipro-
cal interactions between the host immune and 
inflammatory responses and bone tissue started 
an emerging field of study named osteoimmunol-
ogy [35]. While the research over the last decade 
uncovered the biological pathways and host-
pathogen interactions during the course of the 
initial inflammatory response, we still do not 
know much about the regulatory pathways that 
drive the timely termination of inflammation and 
promote resolution and healing. Defining key 
regulators of inflammation at the cellular and 
molecular levels in each stage of the progressing 
periodontal lesion and understanding the indi-
vidual factors (e.g., genetic, systemic, and local) 
that modulate these processes will allow us to 
predict the disease susceptibility and develop 
personalized strategies to improve clinical out-

comes. In addition, understanding the down-
stream regulatory factors which play role in 
maintaining tissue homeostasis will be critical to 
develop therapeutics without off-target effects.

1.3  Evolving Paradigms 
in the Pathogenesis 
of Periodontitis

There has been a significant amount of research 
over the last 60  years in clinical and basic sci-
ences combined with technological advances 
which led to distinct “eras” in our understanding 
of periodontal disease pathogenesis and patient 
management (Fig.  1.3). The concepts defining 
the periodontal microbiology have evolved from 
the “nonspecific plaque hypothesis” in the 1960s 
which associated the amount of the entire plaque 
microbiota with the disease status [36] to the 
“specific plaque hypothesis” in the 1980s which 
proposed a direct role of specific bacteria in the 
etiology of periodontitis [37]. In the 1990s, these 
two models were modified as the “ecological 
plaque hypothesis” which suggested that molecu-
lar and physiological changes within the tissues, 
such as variations in pH and amount of certain 
host proteins, could promote the growth of Gram- 
negative species and trigger more inflammation 

Mechanical therapy & 
antimicrobials

Mechanical therapy & systemic and full mouth
rehabilitation & antimicrobial and anti-inflammatory

agents & regenerative therapy 

Non-specific plaque
driven disease

Specific plaque
driven disease

Inflammation driven
disease 

Microbial dysbiosis
and keystone

pathogen model

Non-resolving
inflammation and

impaired homeostasis

2000s1960s 1980s 1990s 2010s

Precision
periodontics

Mechanical therapy &  full mouth rehabilitation &
antimicrobial and anti-inflammatory

agents & regenerative therapy  

Fig. 1.3 Evolving paradigms in the pathogenesis and 
management of periodontitis. In the mid-twentieth cen-
tury, periodontitis was recognized as an infectious disease 
of multibacterial origin and managed either through 
extraction or non-specific mechanical therapy with and 
without antimicrobials and oral hygiene instructions. 
Over the years, rigorous research in microbiology, immu-
nology and regenerative medicine and the realization that 
the oral cavity is tightly connected to the rest of the body 
led to the reappraisal of the pathogenesis and clinical 
management of the disease. Today, periodontitis is charac-

terized as a non-resolving inflammatory disease to a dys-
biotic microbiome and incorporation of host modulation 
therapy in clinical practice is revealed to improve clinical 
outcomes. Future periodontal practice will adapt tools of 
precision medicine to prevent and treat the disease on a 
personalized level and address the multifactorial nature of 
the disease and create tailored strategies for each individ-
ual’s unique biological profile and habits with the premise 
of achieving better oral and systemic health, decreased 
financial burden, and improved quality of life
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and tissue loss [38]. Around same years, research 
efforts extended beyond microbiology in an 
attempt to define the host immune and inflamma-
tory responses during the course of periodontal 
disease. Several reports highlighted the signifi-
cance of host-derived factors in the disease 
pathophysiology and noted that individual varia-
tions in host immune response to oral microbi-
ome are the main drivers of the susceptibility of 
periodontitis [39, 40] (Fig. 1.3).

The awareness of the significance of the 
inflammatory component of the disease led to the 
reappraisal of the definition of periodontitis from 
a classical infectious disease, one being solely of 
bacterial origin, to an “inflammatory disease” 
[39, 41]. In this new era, periodontitis was char-
acterized by a non-resolving inflammation not 
fully capable of eliminating the initiating patho-
gens. Most recently, “polymicrobial synergy and 
dysbiosis” and “keystone bacteria” models have 
been proposed which are consistent with the 
notion that periodontal bacterial composition is 
much more diverse than previously predicted and 
that host response to these distinctive communi-
ties vary greatly between individuals which even-
tually determine the susceptibility for diseases 
[42, 43]. In the “dysbiosis theory”, it is hypoth-
esized that the influence of individual species in a 
polymicrobial community could alter host- 
microbial interactions leading to destructive 
inflammation. It is argued that gingival inflam-
mation, in response to early colonizing bacteria, 
changes the subgingival environment and pro-
motes the growth of certain endogenous acces-
sory bacteria which then assist in the colonization 
and metabolic activities of other pathogens until 
they are outgrown by the more potent pathobi-
onts. This synergistic and symbiotic polymicro-
bial environment initiated and fueled by the 
deregulated inflammation further enhances 
inflammation and tissue destruction [43] 
(Fig. 1.3).

Today, it is revealed that periodontitis is not 
solely a bacterial infection or a linear host 
response to a dysbiotic microbiome but rather 
characterized by a self-perpetuating state of pro-
longed inflammation due to various factors 
involving host and environment subsequently 

leading to microbial dysbiosis, unsustainable 
inflammation, and tissue destruction (Fig.  1.2) 
[44]. Consistently, the research also indicates that 
anti-infective therapy using mechanical 
approaches and antimicrobials often fails to 
effectively manage the disease in the long term 
[22]. As we continue to investigate the oral cavity 
microbial communities and characterize their 
pathogenicity within the changing microenviron-
ments, current paradigm indicates that therapeu-
tics targeting inflammation should be integrated 
to the periodontal practice to restore tissue 
homeostasis and microbial dysbiosis. Therefore, 
continuous research is needed to identify the key 
biological pathways and downstream regulatory 
molecules at the interface of host and pathogen 
interactions to develop more targeted therapies. 
Subsequent chapters will discuss some of these 
novel studies.

1.4  Evolving Paradigms 
in Periodontitis Patient 
Management

Not many years ago, the goals of traditional peri-
odontal therapy have been to remove deep pock-
ets, control gingival bleeding, and achieve proper 
oral hygiene in all patients through mechanical 
therapy with and without antibiotics and continu-
ous supportive periodontal care (Fig.  1.3). In 
clinical practice, this goal is seldom accom-
plished and tissue breakdown continues in the 
majority of cases. In addition, growing concerns 
about the global antibiotic resistance fueled 
research efforts toward the identification of more 
selective modes to manage the disease. 
Remarkable progress has been made in the under-
standing of the molecular basis and susceptibility 
factors of periodontal disease and in the develop-
ment of new biomaterials and advanced surgical 
techniques and diagnostic tools [15, 17, 18, 32, 
45]. Current periodontal practice has become 
more focused to individual needs and incorpo-
rated full mouth and systemic rehabilitation and 
addressing predisposing factors such as smoking 
cessation and diabetes control in patient manage-
ment. Yet, even this mode of therapy fails to 
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achieve desired clinical outcomes in certain 
groups of patients, and periodontitis continues to 
be the primary cause of tooth loss in industrial-
ized countries predominantly affecting people 
older than 40 years of age. Thus, the development 
of better approaches to prevent and successfully 
treat periodontitis is vital to general and oral 
health. It became also clear that the host response 
to the microbiome is under the influence of many 
factors including genetics, systemic and local 
factors, and lifestyle choices (Fig.  1.2). Hence, 
the development of predictable preventive and 
therapeutic strategies to diminish destructive 
inflammation and regenerate tissues will depend 
on taking into consideration individual differ-
ences and predisposing factors in clinical deci-
sion making.

Strategies that are currently being tested to 
treat the disease include targeting key inflam-
matory pathways or microbial components. 
Periodontal microbial dysbiosis can be targeted 
by anti-bacterial drugs, probiotic intake, and 
mechanical debridement [46, 47]. As a non- 
invasive therapeutic approach for periodontitis, 
host modulation therapy has been investigated 
targeting cytokine/chemokine network, MMPs, 
arachidonic acid metabolites, and more recently 
endogenous regulators of inflammation and 
modifying nutrition and lifestyle choices [32, 
48–52]. Yet, side effects are of concern for 
some of the clinically available host modula-
tion therapies including GI complications and 
impaired wound healing [53]. While the use of 
low-dose doxycycline has been considered to 
be safe, concerns with antibiotic resistance 
limit the use of antibiotics in general [47]. 
Therefore, recent investigations focus on tar-
geting downstream molecules and regulatory 
pathways and/or unique microbial components 
as therapeutics with the premise of eliminating 
side effects.

Genetics can explain a considerable amount 
of variation in the clinical presentation of peri-
odontitis and effect of specific genotypes on the 
key biological events and disease phenotypes 
are under investigation [54, 55]. Another 
emerging field in periodontology is epigenetics 
which investigates the dynamic interactions 

between genes, environment and human behav-
ior and how they lead to genome modifications, 
influence gene expression, and subsequently 
modify susceptibility for periodontitis [56]. 
With increased lifespan, the influence of aging 
on disease phenotype should also not be over-
looked [10, 57].

The “precision periodontics” un-doubtfully 
is the next phase for our profession which will 
consider individual inflammatory response, 
microbial composition and predisposing fac-
tors and adapt 4Ps of precision medicine 
(denoting predictive, preventive, personalized, 
and participatory) in clinical practice [16, 22] 
(Fig. 1.3). In this new era, patient management 
will include personalized strategies for the pre-
vention of periodontal and peri-implant dis-
eases and tailored therapies toward individuals’ 
unique biology and risk profiles, which will 
take into consideration many elements in clini-
cal decision making including cellular and 
molecular analyses, genetic and epigenetic fac-
tors, environmental and systemic perturbations 
(e.g., improperly designed restorations, obe-
sity, stress, aging, uncontrolled diabetes, 
immune disorders, and use of certain medica-
tions), and life style preferences (e.g., smok-
ing, diet) [14, 16].

In the following chapters, novel concepts and 
strategies targeted to complement, cytokines 
and endogenous regulators of inflammation, 
lipid mediators, and genetic and epigenetic 
approaches are discussed in the management of 
periodontitis and peri-implantitis. Insights are 
provided about the microbiome in health and 
disease and new- generation antimicrobials and 
probiotics. Emerging paradigm in regenerative 
medicine using cell and protein-based 
approaches, 3D printing, and laser technology is 
highlighted. As the population is progressively 
getting older, the biology of aging and its effect 
on the periodontium and patient management 
are reviewed.
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2.1  Introduction

Periodontitis is a common inflammatory disease 
that is induced by tooth-associated biofilms and 
leads to the destruction of the periodontium, that 
is, the tissues that surround and support the teeth 
(gingiva, periodontal ligament, cementum, and 
the underlying alveolar bone) [1]. Periodontitis is 
also associated with increased risk for certain 
systemic conditions, such as atherosclerosis, 
rheumatoid arthritis, and diabetes [2–4]. If not 
properly treated, this oral inflammatory disease 
may lead to tooth loss and possibly impaired 
mastication. Effective treatment of periodontitis 
contributes to better metabolic control in type 2 
diabetes and improvement of endothelial func-
tion associated with the reduction of systemic 
inflammatory markers [5, 6]. Severe periodontitis 
afflicts approximately 10% of adults worldwide 
[7, 8]. Current therapies are not always effective 
and periodontitis continues to be a significant 
public health and economic burden [8–10].

Recent human microbiome studies and ani-
mal model-based mechanistic investigations 
together indicate that the pathogenesis of peri-
odontal disease is not mediated by a few specific 
bacteria (“periopathogens”) but actually 
involves polymicrobial synergy and dysbiosis 
[11, 12]. In the context of periodontitis, “dysbi-
osis” denotes an alteration in the relative abun-
dance and/or influence of individual members 
of a polymicrobial community (as compared to 
their abundance and/or influence in periodontal 
health) leading to imbalanced host-microbial 
interactions that precipitate destructive inflam-
mation and bone loss [12].

Although necessary for the initiation and pro-
gression of periodontitis, the polymicrobial com-
munities do not constitute a sufficient cause for 
this oral disease. Indeed, it is the host inflamma-
tory response to the polymicrobial dysbiotic 
challenge that ultimately inflicts damage to the 
periodontal tissues [13, 14]. Moreover, the dys-
regulated and destructive inflammatory response 
not only fails to control the dysbiotic challenge 
but also supports further microbial growth by 
providing nutrients in the form of tissue break-
down products (e.g., degraded collagen as a 

source of amino acids and heme-containing com-
pounds as a source of iron) [11, 15]. These con-
siderations justify the rationale for 
host-modulation approaches to the treatment of 
periodontitis. Host-modulation strategies may be 
used as adjuncts to improve current therapies 
(e.g., mechanical debridement to remove the 
pathogenic biofilm), which, as mentioned earlier, 
are often inadequate to control periodontal 
disease.

In this review, we summarize and discuss 
studies in humans and animal models that impli-
cate the complement system as a driver of peri-
odontal disease pathogenesis, thus leading to the 
development of rational complement-targeted 
therapies for treating periodontitis.

2.2  Complement and Regulation 
of the Host Response

Before discussing the involvement of comple-
ment in periodontitis, it would be instructive to 
give a background on the complement system 
and how it regulates immunity and inflammation. 
In addition to the classic group of serum proteins 
(C1-9), the integrated complement system com-
prises some 50 proteins, including pattern- 
recognition molecules, convertases and other 
proteases, receptors that interact with different 
immune mediators, and cell surface-associated or 
fluid-phase regulatory proteins [16]. The comple-
ment cascade can be initiated by distinct mecha-
nisms (classical, lectin, or alternative) that 
converge at the third component (C3). The trig-
gering of the classical pathway is initiated by 
antigen-antibody complexes recognized by the 
C1q subunit of the C1 complex (C1qr2s2) which 
is thereby activated. The lectin pathway is 
induced through interaction of secreted pattern- 
recognition molecules (such as the mannose- 
binding lectin [MBL], ficolins, and collectins) 
with specific carbohydrate moieties on microbial 
or damaged host cell surfaces. Subsequently, 
both the classical and the lectin pathways pro-
ceed through C4 and C2 cleavage for the genera-
tion of the classical/lectin C3 convertase, C4b2b 
(Fig. 2.1). The alternative pathway is initiated by 
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low-level, spontaneous hydrolysis of C3 to 
C3(H2O) (also known as “tick-over” mechanism) 
or by properdin (factor P; FP)-mediated binding 
of C3b, leading to the formation of the initial 
alternative pathway C3 convertases in the pres-
ence of factors B (FB) and D (FD). As long as 
there is no sufficient negative regulation (e.g., as 
is normally the case with bacteria or other non- 
self surfaces), these initial activation events are 
followed by rapid activation of the alternative 
pathway. The alternative pathway can be divided 
into two arms: the one mentioned above which 
initiates complement activation (through “tick- 
over” or by FP) and a second one that mediates 
amplification independently of the initiating 
mechanism. FP is involved also in the amplifica-
tion loop as it binds to and stabilizes the C3 con-
vertase (C3bBb), thereby boosting the overall 
complement response. Complement can also be 
activated independently of the initiation mecha-
nisms by “extrinsic” proteases (such as thrombin 
and plasmin from the coagulation cascade) that 
can directly cleave and activate C3 or C5 
(Fig. 2.1).

Complement activation, as described above, 
leads to the generation of effectors that “comple-
ment” the ability of antibodies and phagocytes to 
clear microbial pathogens (via C3b opsoniza-
tion), promote inflammation (via the C3a and 
C5a anaphylatoxins that activate specific 
G-protein-coupled receptors, C3aR and C5aR1 
(CD88), respectively), and lyse susceptible 
pathogens. The latter function involves the termi-
nal pathway, to which all three initiation path-
ways converge. Here, C5-derived C5b binds to 
C6 and the resulting C5b-C6 complex is bound 
by C7. The newly formed C5b-C7 complex sub-
sequently inserts into the target membrane fol-
lowed by C8 binding to the C5b-C7 complex 
which causes a small pore in the membrane. The 
membrane attack complex (MAC) is formed by 
the binding of C9 molecules to the C5b-C8 com-
plex [16, 17] (Fig.  2.1). In sublytic amounts, 
however, the MAC influences cell signaling path-
ways and promotes inflammation [18].

The activation of the complement system is 
regulated by several fluid-phase and cell surface- 
associated proteins [16]. The regulators function-

ing in the fluid phase are C1 inhibitor (C1-INH), 
factor I (FI), factor H (FH), and C4b-binding pro-
tein (C4BP), whereas the cell surface-associated 
regulatory molecules include complement recep-
tor 1 (CR1; CD35), membrane cofactor protein 
(MCP; CD46), decay accelerating factor (DAF; 
CD55), and CD59 [16]. Optimal regulation by 
these proteins prevents uncontrolled activation 
and amplification of the complement system to 
preserve the integrity of host cells and tissues, 
while at the same time allowing the induction of 
immune responses against pathogenic 
challenges.

Complement is not a closed system working 
simply to tag and kill microbes but can shape the 
host immune response also by cross-talk interac-
tions with other immune and physiological sys-
tems (e.g., Toll-like receptors [TLRs], coagulation 
system, adaptive immune cells) [19, 20]. Through 
these interactions, complement integrates innate 
and adaptive immunity, mediates the clearance of 
immune complexes, cellular debris and apoptotic 
cells, contributes to normal tissue and organ 
development, and promotes tissue repair after 
injury [16, 21]. Regarding its influence on the 
adaptive immune response, complement can 
stimulate B cells via C3d, which engages the 
B-cell co-receptor complex (CR2–CD19–CD81) 
[22], but also guides the quality and magnitude of 
T-cell activation [23]. The stimulatory effects of 
complement on T-cell activation could, at least in 
part, be mediated by the anaphylatoxins C3a or 
C5a which regulate antigen-presenting cell 
(APC) maturation and function but also appear to 
exert direct effects on the functional co- 
stimulation and differentiation of naive CD4+ T 
cells [24]. In this regard, C3a and C5a can be 
generated locally within the APC–T-cell inter-
face, where reciprocal cognate interactions 
induce the expression of C3a and C5a receptors 
(C3aR and C5aR1) in both APCs and T cells. 
Genetic absence or pharmacological blockade of 
C3aR and C5aR1 signaling on human or mouse 
CD4+ T cells suppresses AKT-mTOR and 
enhances TGFβ1 signaling, which facilitates the 
induction of CD4 Foxp3+ regulatory T cells [25]. 
Conversely, induction of C3aR and C5aR1 sig-
naling in mouse FoxP3+ regulatory T cells causes 
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Fig. 2.1 Complement initiation pathways. The comple-
ment cascade can be triggered by distinct mechanisms 
(classical, lectin, or alternative) that converge at C3. 
The activation of the classical pathway is initiated by 
antibody- mediated activation of the C1 complex (C1q, 
C1r, and C1s). The lectin pathway is triggered through 
the binding of secreted pattern-recognition molecules 
(such as the mannose-binding lectin [MBL], ficolins 
[Fcn], and collectin 11 [CL-11]) to microbial surfaces. 
Subsequently, both the classical and the lectin pathways 
proceed through C4 and C2 cleavage for the generation 
of the classical/lectin C3 convertase (C4b2b). The acti-
vation of the alternative pathway can be divided into 
two arms: In the first, the alternative pathway is initiated 
either by a “tick-over” mechanism involving spontane-
ous hydrolysis of C3 or by properdin (FP)-mediated 

binding of C3b, leading to the formation of the initial 
alternative pathway C3 convertases in the presence of 
factors B (FB) and D (FD). The second arm, known as 
the “amplification loop,” involves amplification of com-
plement activation independently of the initiating mech-
anism. FP is also involved in the amplification loop as it 
binds to and stabilizes the C3 convertase, thereby 
enhancing the overall complement response. 
Complement can also be activated by “extrinsic” prote-
ases (such as thrombin and plasmin) that can directly 
cleave and activate C3 or C5. Complement activation 
leads to the generation of effectors that promote phago-
cytosis (via C3b opsonization), inflammation (via ana-
phylatoxins C3a and C5a), and lysis of susceptible 
pathogens (via the formation of C5b-C9 membrane 
attack complex [MAC])
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AKT-dependent phosphorylation of the tran-
scription factor FoxO1, which in turn suppresses 
FoxP3 expression and, consequently, the sup-
pressive function of regulatory T cells [26].

Studies in the 1980s showed that human lym-
phocytes produce various complement compo-
nents, regulators, and receptors, implying the 
presence of a cell-intrinsic complement system 
[27, 28]. In recent years, the notion for a func-
tionally significant intracellular complement sys-
tem has been strengthened [29]. Thus, it is 
thought that the activation of C3 and C5 may not 
necessarily occur extracellularly. In this regard, 
there is evidence for the existence of intracellular 
stores of complement components and receptors 
(e.g., anaphylatoxin receptors and their ligands; 
C3b, factor B, factor H), which were shown to 
perform housekeeping and surveillance functions 
within human T cells [30–32]. These include 
regulation of T-cell homeostatic survival as well 
as effector T-cell responses, such as induction of 
IFNγ-expressing Th1 cells [23, 30].

Furthermore, complement was shown to regu-
late inflammasome activation in different cell 
types. In human monocytes, activation of C3aR 
triggers the release of ATP into the extracellular 
space, thereby promoting P2X7 activation and 
synergizing with TLR signaling to trigger NLRP3 
inflammasome and secretion of IL-1β [33]. In 
human epithelial cells, the formation of sublytic 
MAC (C5b-8, C5b-9) causes intracellular Ca2+ 
fluxes resulting in the activation of the NLRP3 
inflammasome and IL-1β release [34]. On the 
other hand, C1q, which binds apoptotic cells and 
facilitates their clearance by tissue macrophages 
(efferocytosis), suppresses NLRP3 inflamma-
some activation during efferocytosis by human 
macrophages [35].

Components of the complement system are 
increasingly being implicated in hitherto unan-
ticipated intracellular immune and homeostatic 
functions. For instance, recent studies have 
revealed new C3-dependent antimicrobial mech-
anisms that may interfere with the ability of intra-
cellular pathogens to replicate in the cytosol of 
non-immune cells after escaping from phago-
somes [36, 37]. Nonenveloped viruses and bacte-
ria opsonized with C3 cleavage fragments in the 

extracellular space can be sensed in the cytosol in 
a C3-dependent manner and trigger mitochon-
drial antiviral signaling (MAVS), which induces 
the production of pro-inflammatory cytokines. 
C3-coated viruses can moreover be restricted via 
proteasome-mediated degradation [37]. 
C3-opsonized microbes that are sensed in the 
cytosol in a C3-dependent manner can also inter-
act with autophagy-related protein 16-1 
(ATG16L1), thereby triggering ATG16L1- 
dependent autophagy and resulting in the target-
ing of the cytosolic microbes to 
autophago-lysosomes for degradation [36]. More 
recently, C4 (specifically C4b) was shown to 
inhibit viral infection through capsid inactivation 
in a manner independent of C3 activation [38].

2.3  Complement Involvement 
in Periodontal Disease

Despite its significance in host immunity, com-
plement can become dysregulated or excessively 
activated due to host genetic or microbial viru-
lence factors. When that happens, complement 
can switch from a homeostatic to a pathological 
effector that drives a wide range of inflammatory 
disorders, including periodontitis [39, 40]. Ample 
evidence from clinical and histological studies 
indicates that complement is involved in peri-
odontitis. Biopsies of chronically inflamed gin-
giva or samples of gingival crevicular fluid (GCF) 
obtained from periodontitis patients exhibit sig-
nificantly increased abundance of activated com-
plement fragments relative to control samples 
from healthy individuals [41–47]. Complement 
can be present in GCF at up to 70–80% of its con-
centration in serum, although certain activated 
fragments can be found at much higher levels in 
GCF attributed to local generation in the peri-
odontium [47–49]. Induction of experimental 
gingivitis in human volunteers was shown to lead 
to progressive elevation of complement cleavage 
products correlating with increased clinical peri-
odontal indices of inflammation [45]. Conversely 
and consistently, periodontal therapy, which suc-
cessfully reduced clinical indices measuring peri-
odontal inflammation and tissue destruction, 
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resulted in decreased activation of C3 as shown 
by analysis of GCF samples [50]. Consistent with 
this, a study using integrative gene prioritization 
and databases from GWAS and microarray 
experiments proposed C3 as a likely candidate 
gene in periodontal disease pathogenesis [51]. 
Moreover, the expression of C3 is among the top 
5% genes that is most strongly downregulated 
following periodontal therapy [41]. A single 
nucleotide polymorphism of C5 (rs17611), which 
is associated with increased serum C5 levels and 
susceptibility to the complement-associated dis-
ease liver fibrosis [52], was shown to be more 
prevalent in periodontitis patients than in healthy 
individuals [53]. These correlative studies sug-
gested that complement may be involved in the 
pathogenesis of periodontitis.

Studies in appropriate animal models are nec-
essary to test causation and thus link a disease to 
candidate mechanisms, thus confirming thera-

peutic targets and paving the way to human clini-
cal trials [54]. Studies in rodents, including 
complement-deficient mice, have demonstrated a 
cause-and-effect relationship between comple-
ment activation and periodontitis and offered 
insights into the underlying mechanisms [55–58]. 
Indeed, these studies showed that complement is 
involved in both the dysbiotic transformation of 
the periodontal microbiota and the inflammatory 
process that leads to the destruction of periodon-
tal bone [55, 57] (Fig. 2.2). For example, the abil-
ity of the keystone periodontal pathogen P. 
gingivalis to subvert the host immune response 
and promote dysbiosis requires its ability to insti-
gate subversive C5aR1-TLR2 crosstalk, and is 
therefore counteracted in C5aR1-deficient mice 
[55, 57]. Furthermore, experiments in wild-type 
and C3-deficient mice established that 
C3-mediated inflammation is required for the 
long-term sustenance of the dysbiotic microbial 
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Fig. 2.2 Complement involvement in periodontitis. 
Periodontitis results from the disruption of host-microbe 
homeostasis leading to dysbiosis and inflammation that is 
in great part dependent on complement and its interac-
tions with other signaling pathways, such as those acti-
vated by Toll-like receptors. In part, dysbiosis is mediated 
by pathogen subversion of complement pathways (details 
in text). Moreover, complement-dependent inflammation 
not only causes degradation of connective tissue and bone 

loss but also provides nutrients (tissue breakdown prod-
ucts) that foster further growth and persistence of the dys-
biotic microbiota. Therefore, complement inhibition can, 
at least in principle, inhibit both dysbiosis and destructive 
inflammation, a notion that is supported by findings from 
animal studies (details in text). MMPs metalloproteinases, 
OPG osteoprotegerin, RANKL receptor activator of 
nuclear factor-κB ligand, TLR Toll-like receptor
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community and for maximal induction of inflam-
matory bone loss [58].

C3aR or C5aR1 signaling pathways cross-talk 
with and amplify TLR-dependent inflammatory 
responses in both the circulation and peripheral 
tissues including the periodontium [59–61]. 
Importantly, complement inhibition alone is ade-
quate to block complement-TLR crosstalk sig-
naling regardless of the presence of uninhibited 
TLRs, thereby suppressing periodontal dysbiosis 
and destructive periodontal inflammation [55, 
57]. As TLR activation can also be triggered by 
endogenous TLR ligands (e.g., biglycan, hyal-
uronan fragments, and heparan sulfate fragments) 
that are released upon tissue injury [62, 63] (i.e., 
during active periodontal disease), inhibition of 
the complement-TLR crosstalk may also contrib-
ute to controlling the progression of 
periodontitis.

2.4  Periodontal Bacteria 
and Inflammation

Although periodontitis is associated with strong 
complement activation, complement may not 
provide effective host immunity in the periodon-
tal pockets as periodontal bacteria have a number 
of protective mechanisms against complement- 
mediated killing. For example, Porphyromonas 
gingivalis and Prevotella intermedia can co-opt 
physiological soluble regulators (inhibitors) of 
the complement cascade, such as C4BP which 
the bacteria can capture on their cell surface and 
thus protect themselves against complement- 
dependent opsonization and killing [64, 65]. In 
the same context, Aggregatibacter actinomy-
cetemcomitans uses its outer membrane protein-
 100 to bind the alternative pathway inhibitor FH 
and acquire resistance to complement killing in 
serum [66]. Similarly, Treponema denticola can 
capture FH by means of an 11.4-kDa cell-surface 
lipoprotein (thus designated factor H-binding 
protein) [67], whereas P. intermedia binds the 
serine protease FI, a major inhibitor of comple-
ment that degrades C3b and C4b in the presence 
of cofactors such as C4BP and FH [64]. Whereas 
bacterial proteases, such as the Arg-specific gin-

gipains of P. gingivalis and the karilysin of 
Tannerella forsythia cleave C5 to release biologi-
cally active C5a, the same proteases rapidly 
degrade the C5b fragment, thereby blocking the 
generation of the MAC [48, 68]. The serum resis-
tance of P. gingivalis was additionally attributed 
to the presence of a surface anionic polysaccha-
ride (APS) designated A-LPS (LPS with APS 
repeating units) [69]. Mutants of P. gingivalis 
lacking A-LPS are sensitive to complement kill-
ing in 20% normal serum [70].

In general, however, P. gingivalis, P. interme-
dia, T. forsythia, and T. denticola interact with 
complement in complex ways involving both 
inhibitory and stimulatory effects [71–75]. This 
seemingly paradoxical microbial behavior may 
be attributed to the dynamics of survival tactics 
of periodontal bacteria: on the one hand, the bac-
teria need to escape immune clearance, and on 
the other to stimulate inflammation and thus the 
flow of GCF as a source of nutrients [15]. This 
paradox may be exemplified by T. denticola 
which, as mentioned above, expresses an 
FH-binding protein [67]. Interestingly, however, 
T. denticola can also use a serine protease termed 
dentilisin to cleave FH that is attached on its sur-
face [67, 76]. Thus, the function of dentilisin 
appears to offset the action of the FH-binding 
protein. An interesting hypothesis is that T. denti-
cola may regulate the activity of FH depending 
on context, either to acquire protection against 
complement or to inactivate FH to promote local 
inflammation and hence the flow of GCF-derived 
nutrients. The T. denticola dentilisin may also 
hydrolyze the α-chain of C3 and generate iC3b 
[77], which opsonizes T. denticola [78]. 
Interestingly, iC3b-mediated phagocytosis is 
often associated with inadequate killing mecha-
nisms or even immunosuppressive signaling [79–
82] and is consequently exploited by pathogens 
to promote their adaptive fitness. Indeed, not only 
periodontal bacteria such as P. gingivalis but also 
Mycobacterium tuberculosis, Bordetella pertus-
sis, Francisella tularensis, as well as HIV-1 pro-
mote their intracellular survival by exploiting 
complement receptor-3 (CR3; CD11b/CD18)-
mediated internalization, either by direct interac-
tion with CR3 or following iC3b opsonization 
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[83–88]. Moreover, P. gingivalis can selectively 
inhibit the killing capacity of phagocytes without 
suppressing their inflammatory response, which, 
as pointed out earlier, serves the nutritional needs 
of the entire dysbiotic microbial community. 
Specifically, P. gingivalis can uncouple a host- 
protective TLR2–MyD88 pathway from a TLR2–
MyD88-adaptor-like (Mal)–PI(3)K pathway, 
which enhances the fitness of P. gingivalis and 
bystander bacteria by blocking phagocytosis and 
promoting inflammation [57, 89].

The above-discussed studies provide further 
rationale that complement inhibition is a promis-
ing host-modulation approach since it can poten-
tially counteract microbial immune subversion 
and thus suppress the dysbiosis of the periodontal 
microbial community.

2.5  Translational Studies 
for Safety and Efficacy of C3 
Inhibition in Periodontitis

The immune system and the anatomy of the peri-
odontium in non-human primates (NHPs) are 
similar to those of humans, and periodontitis in 
NHPs exhibits clinical, microbiological, and 
immunohistological features that are similar to 
those seen in human periodontal disease [90–92]. 
Therefore, the cynomolgus monkey model is 

more predictive of drug efficacy in humans as 
compared to widely used animal models (rodents, 
rabbits, or dogs). NHPs, specifically cynomolgus 
monkeys, were used to determine the suitability 
of C3 as a therapeutic target in periodontitis. The 
inhibitor used was Cp40, a third-generation ana-
log of the compstatin family of compounds, 
which are small peptidic inhibitors with an exqui-
site specificity for human and non-human pri-
mate C3 [93–95]. The original compstatin was 
discovered after screening a phage-displayed 
peptide library and is a cyclic peptide of 13 resi-
dues (I[CVVQDWGHHRC]T-NH2) [96]. Cp40 
has a subnanomolar affinity for C3 (KD = 0.5 nM; 
6000-fold greater than that of the original comp-
statin) and a human plasma half-life (48 h) that 
exceeds expectations for most peptidic drugs. 
Cp40 is being clinically developed for human use 
by Amyndas Pharmaceuticals and is designated 
AMY-101. AMY-101 and earlier compstatin ana-
logs bind to C3 and prevent the cleavage of this 
complement protein by C3 convertases (Fig. 2.3). 
Therefore, AMY-101 can directly block the 
release of the anaphylatoxin C3a and the genera-
tion and surface deposition of C3b, regardless of 
the initiation pathway of complement activation. 
Moreover, the decrease of C3b resulting from the 
action of AMY-101 impairs the amplification of 
the complement response through the alternative 
pathway of complement activation. By blocking 
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Fig. 2.3 Model of C3 activation and its inhibition by 
compstatin (a) Depiction of key protein interactions 
resulting in the formation of C3 convertases on a target 
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C3 activation and the assembly of C3b-containing 
convertases, the drug also inhibits the generation 
of downstream effector responses, such as the 
generation of the anaphylatoxin C5a and the for-
mation of MAC [93, 95].

Consistent with the above-discussed findings 
from C3-deficient mice [58], local C3 inhibition 
by AMY-101 in a model of ligature-induced peri-
odontitis in adult cynomolgus monkeys prevented 
the development of gingival inflammation and 
alveolar bone loss, as evidenced radiographically 
[58]. Specifically, AMY-101 caused a significant 
decrease of gingival index and clinical attach-
ment loss, which correlated with reduction in the 
GCF levels of pro-inflammatory and osteoclasto-
genic cytokines (TNF, IL-1β, IL-17, and 
RANKL) and with diminished osteoclast num-
bers in bone biopsy specimens [58]. On the other 
hand, the GCF content of osteoprotegerin (OPG), 
a natural inhibitor of RANKL, was maintained at 
higher amounts in AMY-101-treated sites than in 
control sites, thus favorably reversing the 
RANKL/OPG ratio, which is a potential indica-
tor of periodontitis [97].

AMY-101 was also tested under more rigor-
ous conditions. Specifically, it was determined 
whether local administration of AMY-101 could 
inhibit periodontitis in a therapeutic (as opposed 
to preventive) setting, that is, to suppress pre- 
existing, naturally occurring severe periodontitis 
in aged cynomolgus monkeys [98]. This study 
involved a 6-week treatment period with AMY- 
101 and a 6-week follow-up period without 
AMY-101 treatment. Whether administered once 
or three times weekly, AMY-101 caused a signifi-
cant reduction in clinical indices that measure 
periodontal inflammation (gingival index and 
bleeding on probing), tissue destruction (probing 
pocket depth and clinical attachment level), or 
tooth mobility. These clinical changes were asso-
ciated with significantly reduced levels of pro- 
inflammatory mediators and decreased numbers 
of osteoclasts in bone biopsies. The protective 
effects of AMY-101 persisted, although at 
reduced efficacy, for at least 6 weeks following 
drug discontinuation. Therefore, AMY-101 can 
reverse pre-existing chronic periodontal inflam-
mation in the absence of additional treatments 

such as scaling and root planing. Moreover, these 
studies confirmed the causative role of C3 in peri-
odontitis using NHPs as the closest model to 
human periodontitis.

GCF samples obtained from the animals used 
in the above-discussed study [98] were addition-
ally used for proteomics analysis [99]. 
Specifically, the samples were processed for 
filter- aided sample preparation (FASP) digestion 
and liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis. The human 
orthologs were subjected to gene ontology analy-
ses using protein analysis through evolutionary 
relationships (PANTHER) and the data became 
available via ProteomeXchange (PXD009502). 
Gene ontology analysis revealed the involvement 
of both the alternative and classical pathways of 
complement activation in naturally occurring 
NHP periodontitis, although the former pathway 
was the most enriched of all biological pathways 
identified by this analysis [99]. These findings 
are consistent with early clinical periodontal 
studies showing activation of both the alternative 
and classical pathways of complement as deter-
mined by analyses of GCF samples from peri-
odontitis patients [47, 50, 100]. Another important 
target identified by the proteomic analysis of 
GCF samples from AMY-101-treated NHPs was 
leukocyte degranulation. The ability of AMY-101 
to suppress exocytosis likely represents a host 
protective mechanism given that neutrophils are 
responsible for significant tissue damage in 
human periodontitis, in large part through 
degranulation of cytotoxic molecules and tissue- 
degrading metalloproteinases [101–104].

Further studies were undertaken to determine 
the local safety of the AMY-101 drug. To this 
end, a therapeutic dose of AMY-101 (50 μL of 
2 mg/mL solution corresponding to 0.1 mg/site) 
was injected in healthy gingiva of posterior teeth 
in five NHPs. Each animal received a total of four 
injections, one per quadrant; two injections were 
with AMY-101 and the other two injections 
involved water for injection containing 5% dex-
trose (control). In each animal, AMY-101 was 
administered on both maxillary and mandibular 
quadrants (2 sites total), whereas the control 
solution was injected on the two contralateral 
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sites. AMY-101 and control solution were 
injected a total of three times, at days 0, 7, and 
14, followed by a 2-week observation period 
without further injections. Careful daily clinical 
examinations revealed no signs of irritation after 
the injection of AMY-101 or control solution 
throughout the observation period [105]. It 
should be noted that systemic exposure with 
AMY-101 following local injection into the gin-
giva should be negligible, hence not affecting 
complement functions in circulation or other tis-
sues. In the treatment regimen used in the above- 
described NHP study [98], a total of 1.5  mg 
AMY-101 was injected (15 sites at 0.1 mg/site). 
Even if the full local dose were injected systemi-
cally, this would lead to an AMY-101 amount of 
0.2–0.3 mg/kg bodyweight in NHPs (or, in case 
of humans, to 0.02–0.03 mg/kg bodyweight). On 
the other hand, a much higher systemic AMY- 
101 dose is required (specifically 1–2  mg/kg 
bodyweight) to achieve target-exceeding drug 
levels in NHPs [106]. In conclusion, small 
amounts of locally injected AMY-101 that might 
end up in the blood should be readily bound by 
excess circulating C3 (1.0–1.5 mg/mL).

As discussed earlier, weekly intragingival 
injections of AMY-101 (0.1  mg/site) improved 
the periodontal condition of NHPs with natural 
chronic periodontitis [98]. A less frequent but yet 
successful regimen would facilitate the applica-
tion of AMY-101 for human use. To explore this 
possibility, it was examined whether AMY-101 
(0.1 mg/site) can be effective also when adminis-
tered once every 2 weeks or once every 3 weeks 
[105]. Specifically, AMY-101 was injected 
locally into the gingiva of anterior and posterior 
teeth on both sides of the maxilla. Clinical exami-
nations were performed at baseline and at weekly 
or biweekly intervals thereafter throughout the 
study to determine the progression of the disease 
and the potential beneficial effects of AMY-101. 
Clinical readings made before AMY-101 injec-
tion served as baseline controls. The mandible 
was not treated but was monitored by clinical 
periodontal examination during the entire study 
for comparative purposes. The study consisted of 
6  weeks of AMY-101 treatment (treatment 
period), followed by 6 weeks without AMY-101 

treatment (follow-up period). Regardless of the 
frequency of administration, AMY-101 caused a 
significant reduction in clinical indices that mea-
sure periodontal inflammation (gingival index 
and bleeding on probing) or tissue destruction 
(probing pocket depth and clinical attachment 
level). Interestingly, differences between baseline 
and subsequent readings reached statistical sig-
nificance at or after 6  weeks, i.e., at the time- 
point when the treatment with AMY-101 was 
discontinued. Many of the differences observed 
at 6 weeks remained statistically significant even 
at 12 weeks (bleeding on probing, probing pocket 
depth and clinical attachment level). The afore-
mentioned clinical indices were also monitored 
in the untreated jaw (mandible) during the same 
12-week interval. In contrast to the improved 
clinical condition in the AMY-101-treated maxil-
lae, the clinical indices in the untreated mandi-
bles did not show significant differences in the 
course of the study as compared to their baseline 
values [105]. In conclusion, AMY-101 can induce 
a long-lasting clinical anti-inflammatory effect in 
periodontal disease.

Given that AMY-101 is also being considered 
for systemic disorders and periodontitis is a 
highly prevalent disease [107], it was tested 
whether AMY-101 can also protect against peri-
odontitis when administered systemically. Using 
the same animal model of naturally occurring 
NHP periodontitis, AMY-101 was thus adminis-
tered in 10 animals via subcutaneous injection at 
a concentration of 4 mg/kg bodyweight, once per 
24 h for a total of 28 days [105]. To determine the 
progression of the disease and the potential ben-
eficial effects of AMY-101, clinical examinations 
were performed at baseline (week 0) and through-
out the study (at 1-, 2-, 3-, 4-, and 11-week time-
points). Additionally, biopsies were taken from 
the gingiva and bone at baseline, 4 and 11 weeks. 
Systemically administered AMY-101 caused a 
significant and long-lasting reduction in probing 
pocket depth, an index that measures tissue 
destruction. The protective effect was first 
observed at week 4. Importantly, the protective 
effect persisted without waning for at least 
another 7 weeks (week 11), despite the fact that 
the drug was discontinued after week 4. 
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Improvement of bleeding on probing, which 
assesses periodontal inflammation, was also 
observed at weeks 2 and 3. Histological observa-
tions at 4 weeks showed that AMY-101 inhibited 
the expression of pro-inflammatory and pro- 
osteoclastogenic cytokines (IL-17 and RANKL) 
and elevated the expression of OPG in the con-
nective tissue adjacent to the alveolar bone, as 
compared to their baseline expression. Moreover, 
AMY-101 treatment caused a decrease in the 
complement cleavage fragments C3d and C5a, 
thus confirming its capacity to inhibit comple-
ment activation in the periodontium. In conclu-
sion, systemic AMY-101 improves the periodontal 
condition of NHPs, which is stably maintained 
for at least 7 weeks after drug withdrawal [105]. 
These data further suggest that patients treated 
for systemic disorders (e.g., paroxysmal noctur-
nal hemoglobinuria) can additionally benefit in 
terms of improved periodontal condition. In this 
context, it should be noted that the monitoring of 
NHPs under prolonged systemic exposure to an 
inhibitory concentration AMY-101 (up to 
3 months) showed no significant alterations with 
regards to biochemical, hematological, or immu-
nological parameters in their blood or tissues 
relative to control animals treated with vehicle 
alone [108]. Moreover, despite complete inhibi-
tion of C3 in the plasma, skin wounds inflicted on 
the AMY-101-treated animals did not exhibit 
signs of infection but rather displayed a trend for 
accelerated wound healing relative to the vehicle- 
treated controls [108], in line with earlier find-
ings in C3-deficient mice which had faster skin 
wound healing as compared to C3-sufficient con-
trols [109].

2.6  Concluding Remarks 
and Outlook

New functions attributed to complement have 
transformed our perception of it from a blood- 
based antimicrobial system to a global regulator 
of innate and adaptive immunity and inflamma-
tion [21]. The multifaceted nature of complement 
interactions with other systems is reflected in the 
range of inflammatory disorders that are driven 

by complement dysregulation or overactivation, 
such as in periodontal disease. Thus, C3-targeted 
inhibition of complement in periodontitis is 
expected to modulate more than the complement 
cascade per se, thus influencing systems and 
functions that are interconnected with comple-
ment. These include, but are not limited to, neu-
trophil recruitment and function, T-cell-mediated 
inflammation, and osteoclast activation [58, 99, 
110–114].

The capacity of the C3 inhibitor AMY-101 to 
block periodontal inflammation and bone loss in 
cynomolgus monkeys provides strong support for 
the appropriateness of C3 as a treatment target 
for human periodontitis. Both the classical and 
alternative pathways of complement activation 
were implicated in human periodontitis [47, 50, 
100]. Assuming that carbohydrate or glycopro-
tein components of periodontal bacteria can acti-
vate the lectin pathway, the concomitant 
inhibition of all three pathways by AMY-101 is 
likely to provide increased protection against 
periodontitis as compared to inhibition of each 
individual pathway alone. Consistent with this 
notion, C3-deficient mice display enhanced pro-
tection against periodontal inflammation as com-
pared to FD-deficient mice (our unpublished 
observations). In this regard, it should be noted 
that a recent study demonstrated activation of the 
alternative pathway in FD-deficient mice in a 
model of glomerulonephritis, suggesting the 
presence of an FD bypass mechanism for the 
assembly and activity of the alternative pathway 
convertase [115]. Such bypass mechanisms have 
been described, for instance, kallikrein can sub-
stitute for FD to activate the alternative pathway 
C3 convertase [116]. Pharmacological blockade 
of downstream pathways, such as C5aR1 signal-
ing, may not be as protective as blocking C3 
since C3aR signaling also contributes to inflam-
matory bone loss in experimental periodontitis 
[55]. In 2017, AMY-101 successfully completed 
a phase I safety trial in human volunteers, show-
ing a very good safety profile (ClinicalTrials.gov 
Identifier: NCT03316521) [40] and in 2019, the 
drug received Investigational New Drug (IND) 
approval by the U.S.  Food and Drug 
Administration for the conduct of the first   
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clinical study to evaluate its efficacy in adults 
with gingivitis (ClinicalTrials.gov Identifier: 
NCT03694444).

Although AMY-101 was successfully 
applied as a stand-alone treatment for both 
induced and naturally-occurring periodontitis 
in cynomolgus monkeys, the drug is intended to 
be developed as an adjunctive therapy to the 
treatment of human periodontitis, that is, to sig-
nificantly enhance the current standard therapy, 
which is not effective for all patients [117]. 
Ideally, host-modulation interventions should 
not be implemented only in a therapeutic set-
ting but also on a preventive basis to high-risk 
individuals, if these could be identified prior to 
the onset of periodontitis. Individuals who are 
likely at high risk to develop periodontitis 
include cigarette smokers and diabetic patients 
[118–120]. Clinical studies have shown that 
gingivitis (reversible periodontal inflammation 
that remains contained within the gingival epi-
thelium and the underlying connective tissue 
without affecting the alveolar bone) precedes 
the onset of chronic periodontitis and, more-
over, the absence (or treatment) of gingivitis 
represents a good indicator for long-term main-
tenance of periodontal health and prevention of 
chronic periodontitis [121–123]. Moreover, 
longitudinal studies demonstrated that sites that 
do not progress to gingival attachment loss are 
characterized by less gingival inflammation 
over time, whereas those sites that do progress 
have persistently greater levels of gingival 
inflammation [123–126]. Given that gingivitis 
is a major risk factor and a necessary pre-requi-
site for periodontitis, AMY-101 could also be 
used for the treatment of gingivitis. Finally, 
since severe periodontitis may adversely affect 
systemic health by enhancing the risk for con-
ditions such as atherosclerosis, diabetes, and 
rheumatoid arthritis [2–4], it is possible that 
complement-targeted therapy in periodontitis 
may exert a beneficial effect on concurrent sys-
temic inflammatory conditions.

In conclusion, the safety of AMY-101 and its 
protective effects in a highly relevant preclinical 
model of periodontitis indicate that it is a promis-
ing candidate drug for the treatment of periodon-

titis, a notion that merits investigation in human 
clinical trials.
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3.1  Introduction

The periodontium consists of the hard and soft 
tissues that surround and support the teeth, 
including the gingiva, alveolar bone, periodon-

tal ligament, and cementum (cellular and acel-
lular). Periodontal disease is initiated by the 
formation of dental plaque or biofilm on the sur-
face of the tooth, subgingival or supragingival. 
In health, the biofilm bacteria and host maintain 
a symbiotic host-microbe relationship. However, 
when the complexity of the biofilm increases, 
resultant inflammation tips the symbiotic host-
microbe relationship and the biofilm becomes 
dysbiotic. The dysbiotic microbiota tips the bal-
ance from homeostasis to disease by further 
amplifying inflammation. This results in over-
activation of the host inflammatory response 
that does not resolve, and leads to host-mediated 
destruction of the periodontal tissues that result 
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in serious  functional and esthetic problems. 
Therefore, understanding the resolution of 
inflammation mediators and pathways is essen-
tial to the design of rational periodontal treat-
ment paradigms and regeneration of periodontal 
tissues.

In the first stage of periodontal disease, gingi-
vitis, the presence of bacteria causes an inflam-
matory response and the gums become swollen 
and red. At this stage of the disease, with plaque 
removal by daily brushing and flossing and regu-
lar professional cleanings, the disease is revers-
ible, and the gums return to a healthy state. 
Gingivitis can become an established, but stable 
inflammatory lesion [1]. The trigger that takes a 
stable gingivitis lesion to a destructive, active 
periodontitis lesion remains elusive, but it is 
almost certainly related to the degree of inflam-
mation [2]. In periodontitis, uncontrolled inflam-
mation destroys the supporting structures of the 
teeth, including bone. If left untreated, bone loss 
progresses, teeth become loose and eventually 
fall out. Using current therapies, the disease is 
largely irreversible and can only be controlled 
with surgical debridement and at times in con-
junction with antibiotics.

Recent studies suggest that in periodontitis, 
the uncontrolled inflammation and tissue destruc-
tion is due to a failure of resolution of inflamma-
tion pathways [3–7]. To prevent progression from 
acute inflammation to persistent, chronic inflam-
mation, the inflammatory response must be 
tightly regulated to prevent additional tissue 
damage. More recent discoveries have revealed a 
new class of molecules that naturally provide this 
tight regulation. These are called specialized pro- 
resolving lipid mediators (SPMs) that promote 
the resolution of inflammation, clearance of 
infection, reduction of pain, and promote tissue 
regeneration via novel mechanisms [8].

3.2  Inflammatory Pathways

Inflammation is the body’s natural defense mech-
anism in response to harmful stimuli. 
Inflammation is a complex biochemical pathway 
initiated when the innate immune system detects 

an infection, toxin, or tissue injury. This leads to 
the production of chemical mediators that physi-
ologically induce the cardinal signs of inflamma-
tion. In acute inflammation, the host intercepts 
and destroys the insult, resolves the inflamma-
tion, and restores tissue homeostasis [8, 9]. When 
an acute inflammatory response does not resolve, 
the inflammation becomes chronic and can lead 
to pathogenesis of many chronic inflammatory 
diseases, such as periodontitis [2, 8, 10]. 
Therefore, an appropriate and timely host 
response is crucial to halt the progression of an 
acute inflammatory response to a chronic inflam-
matory disease, and induce the return of tissue 
homeostasis.

Arachidonic acid is a polyunsaturated fatty 
acid ubiquitous in the plasma membrane bound 
to the second carbon of the glycerol backbone. 
The arachidonic acid pathway is a central regula-
tor of the inflammatory response, and is initiated 
when phospholipase A2 (PLA2) cleaves arachido-
nate creating free arachidonic acid. There is also 
a secondary, two-step pathway for arachidonate 
production involving phospholipase C and 
diglycerol lipase. Arachidonic acid is then metab-
olized by two major types of enzymes: (1) lipox-
ygenases, which lead to the synthesis of 
hydroxy-acids (hydroxy-tetraenoic acids, 
HETEs) that are further metabolized to leukotri-
enes and (2) cyclooxygenases (COX1 and 
COX2), which lead to the synthesis of prosta-
glandins, prostacyclins, and thromboxanes 
(Fig. 3.1). These lipid mediators of inflammation 
play an important role in the regulation of signal 
transduction implicated in pain and inflammatory 
responses [9].

Control of inflammation can be attempted 
with pharmacological agents such as non- 
steroidal anti-inflammatory drugs (NSAIDS) or 
corticosteroids that suppress, inhibit, or block 
pro-inflammatory signaling pathways [8]. All 
NSAIDs inhibit COX activity, whereas 
 corticosteroids inhibit PLA2 activity. However, 
they have many undesirable side effects and can 
cause immunosuppressive opportunities for 
infection [9]. In addition, the long-term use of 
corticosteroids can cause serious and irreversible 
problems [8]. Therefore, new therapeutic 
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 interventions need to be developed for the treat-
ment of chronic inflammatory diseases.

3.3  Natural, Endogenous 
Resolution of Inflammation 
(Lipoxins)

The ideal outcome of the acute inflammatory 
response is the removal of the harmful stimuli 
followed by inflammation resolution and return 
of tissue homeostasis. Resolution of inflamma-
tion is an actively regulated biochemical process, 
not simply a passive decay of pro-inflammatory 
mediators, mediated by newly synthesized chem-
ical compounds that stimulate the resolution 
response. These specialized pro-resolving lipid 
mediators (SPMs) resolve inflammation, clear 

infection, and stimulate tissue regeneration [9]. 
SPMs include the ω-6 polyunsaturated fatty acids 
(PUFA) (arachidonic acid)-derived lipoxins 
(LXs) and ω-3 PUFA (eicosapentaenoic acid 
(EPA) and docosahexaenoic acid (DHA))-derived 
family of resolvins (Rvs), protectins, and mares-
ins [8] (Fig.  3.2). LXs are synthesized from 
endogenous fatty acids (arachidonic acid), 
whereas Rvs are synthesized from dietary fatty 
acids (EPA and DHA), from sources such as fish 
oil, as they are not efficiently produced in the 
body [11, 12] (Fig. 3.2).

Lipoxins mediate the main events in the reso-
lution of inflammation, including cessation of 
polymorphonuclear neutrophils (PMN) influx 
and macrophage clearance of debris [13]. The 
resolution of inflammation is initiated by an 
active class switch in the mediators prostaglan-

Plasma Membrane

PLA2

Arachidonic
Acid

Lipoxygenase Cyclooxygenase
COX-1, COX-2

Leukotrienes
(LTB4, C4, D4)

Prostaglandins
Prostacyclins

Thromboxanes

5-HETE 15-HETE12-HETE

Tissue Injury

Invading
Microbes

Vascular Response

Exogenous
Chemical
Signals

Fig. 3.1 Pro-inflammatory mediators are produced by 
the metabolism of arachidonic acid. In response to injury 
or infection, phospholipase A2 (PLA2) cleaves arachidonic 
acid (AA) from the two positions of membrane phospho-
lipid diglycerides. AA acts as a substrate for COX activity 
to produce prostaglandins, thromboxanes, and prostacy-
clin, whereas 12-HETE, 5-HETE, and 15-HETE are gen-
erated by the lipoxygenase pathway, with 12-HETE and 
15-HETE being end products, while 5-HETE is further 

metabolized to leukotrienes B4, C4, and D4. When the con-
centration of cells containing lipoxygenases and their pro- 
inflammatory products is high in the exudate, a “class 
switch” occurs within neutrophils to express 15-LO, 
which along with excess 12- and 15-HETEs results in the 
double substitution of AA (5,12-HETE, 5, 15-HETE) 
leading to the synthesis of pro-resolution molecules that 
stimulate resolution of inflammation and promote restora-
tion of tissue homeostasis
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dins and leukotrienes to the production of lipox-
ins [11]. Lipoxins stimulate endothelial nitric 
oxide and PGI2 release, enhance macrophage 
phagocytosis of apoptotic neutrophils, phago-
cytic microbial clearance, and eventual efflux of 
macrophages to lymph nodes (efferocytosis) 
[13]. PGI2 along with PGE2 synthesized by leu-
kocytes allows neutrophils to transmigrate across 
endothelial cells and move along a chemotactic 
gradient of leukotriene B4 (LTB4) [14, 15], a 
potent chemoattractant, at which time the lipid 
mediator class switching occurs and neutrophils 
congregate in purulent exudates [13, 16]. Failure 
of these resolution events leads to enhanced pros-
taglandin and leukotriene production, chronic 
inflammation, dysregulation of tissue healing and 
can result in fibrosis [17]. Lipoxins, when in suf-
ficient quantity, reduce inflammation, stimulate 
re-epithelialization and wound healing, as well as 
tissue regeneration by counter-regulating the pro- 
inflammatory chemical mediators [13].

3.4  Resolvins

Resolvins (Rvs) are potent autacoids derived 
from omega-3 (n-3) PUFA that regulate the reso-
lution phase of the acute inflammatory response 
[18]. These bioactive lipids induce the main func-

tions of resolution of inflammation, including 
phagocytosis of apoptotic neutrophils by macro-
phages, halting further recruitment of PMNs, 
enhancing the clearance of all inflammatory cells 
and promotion of tissue regeneration [19–21]. 
Rvs stimulate anti-inflammatory and pro- 
resolving pathways similar to LXs, but with a dif-
ferent mechanism of action and through different 
receptors on inflammatory and stromal cells. Rvs 
consist of two major groups with distinct chemi-
cal structures. The resolvin E-series (RvE1, 
RvE2, and RvE3) are metabolized from EPA, and 
the resolvin D-series (RvD1, RvD2, RvD3, RvD4 
RvD5, and RvD6, protectins and maresins) are 
transformed from DHA [22].

The interaction between Rvs and specific 
receptors modulates the fate of innate immune 
cells and counter-regulates active inflammation. 
Rvs act as agonists and signal through selective 
G-protein-coupled receptors (GPCR) [11, 23, 
24]. RvE1 is the best characterized resolving in 
periodontal disease. There are two main recep-
tors for RvE1 identified on inflammatory cells. 
The active receptor on macrophages is ERV1 
(aka chemokine-like receptor 1 and chemR23) 
and on neutrophils and osteoclasts it is leukotri-
ene B4 receptor type 1 (BLT1). Upon selective 
binding to its receptor, RvE1 attenuates nuclear 
factor-kappa B signaling and reduces the 

Lipoxygenase Cyclooxygenase
COX-1, COX-2

Leukotrienes

Prostaglandins (PGE2)
Prostacyclins

Thromboxanes

Arachidonic Acid

Omega-6

Protectins

D-series
Resolvins

Maresins
E-series
Resolvins

Docosahexaenoic
Acid (DHA)

Eicosapentaenoic
Acid (EPA)

Omega-3

Lipoxins

Fig. 3.2 Polyunsaturated fatty acid (PUFA)-derived lipid 
mediators. The pro-resolving mediators include omega-6 
PUFA (arachidonic acid)-derived lipoxins, and omega-3 
PUFA (EPA and DHA)-derived resolvins of the E- and 
D-series, respectively. Protectins and maresins are also 

DHA-derived SPMs. These mediators are involved in the 
initiation of the resolution response that results from 
“class switching” from pro-inflammatory dominated to 
pro-resolution dominated inflammatory exudates
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 production of pro-inflammatory cytokines, 
including tumor necrosis factor alpha (TNFα). 
The binding of RvE1 to ERV1 or BLT1 has been 
shown to have a positive influence on cell fate in 
inflammation. The Rvs of the D-series target a 
different set of receptors, including G-protein 
coupled receptor (GPCR) 32 (RvD2) and LXA4 
receptor/formyl peptide receptor 2 (FPR2) RvD1. 
Specifically, RvD1 interacts with both LXA4 
receptor and GPCR 32 on phagocytes, suggesting 
that each plays a role in resolving acute inflam-
mation [11, 24].

3.5  Resolution of Inflammation 
as a Therapeutic Modality

Resolvins have emerged as a novel class of potent 
molecules that counteract excessive inflamma-
tory responses and stimulate pro-resolving mech-
anisms [25]. The use of resolvins as a novel 
therapeutic approach to prevent and treat chronic 
inflammatory diseases, including periodontitis, 
has been tested in several animal models [20, 
26–28], and is in the early phases of human clini-
cal trials.

In a rabbit periodontitis model, the role of 
inflammation in periodontitis pathogenesis and 
the therapeutic potential of RvE1 was evaluated. 
Experiments were carried out to evaluate the 
impact of RvE1  in rabbit periodontitis initiated 
by the human pathogen Porphyromonas gingiva-
lis (P.g.). The established rabbit model showed 
that the ligature of the lower second premolars 
with silk sutures and topical application of P.g. to 
the ligature three times per week induced severe 
periodontitis within 6 weeks. The treatment con-
sisted of topical application of RvE1 to the liga-
ture three times per week for 6 weeks at the same 
time as the P.g. The results showed that topical 
application of RvE1 prevented the initiation and 
progression of periodontitis and host-mediated 
destruction of alveolar bone, by inhibiting 
osteoclast- mediated bone resorption [27].

In a second study, the potential of resolvins 
and lipoxins for treating existing, established 
periodontitis was first established in the same 
rabbit model of ligature and P.g.-induced peri-

odontitis. The only difference was that after the 
establishment of disease at 6 weeks, P.g. applica-
tion was stopped, and the rabbits were treated 
with RvE1. Controls included placebo and com-
parison to the treatment with the structurally 
related lipids PGE2 and leukotriene B4. The PGE2 
and leukotriene B4 each enhanced the develop-
ment of periodontitis and worsened the severity 
of the disease. However, treatment with RvE1 
promoted the resolution of inflammation, reduced 
the systemic inflammatory markers C-reactive 
protein and IL-1β, and resulted in the reversal of 
the disease with complete regeneration of tissues 
lost to disease [20].

In a study conducted by Lee et al. [26], the 
temporal dynamics of inflammation-induced 
dysbiosis of the periodontal microbiota and the 
impact of RvE1 were examined in a ligature- 
induced periodontitis rat model. Periodontitis 
was induced in rats using ligature placement 
alone without adding a human pathogen to 
induce disease in order to study naturally occur-
ring dysbiosis of the rat microbiome associated 
with progressive periodontitis. Global differen-
tial gene expression in periodontal tissue was 
determined in health, periodontitis, and peri-
odontitis treated with topical RvE1 to obtain an 
unbiased assessment of inflammatory changes. 
To determine the impact of inflammatory status 
on the composition of the microbiome, 16S 
rDNA sequencing was performed in parallel. 
As shown in previous studies conducted in rab-
bits and mice, prophylactic treatment with topi-
cal RvE1 prevented the disease-associated 
changes in the gene expression profile of peri-
odontal tissues and significantly prevented 
alveolar bone loss. In addition, the topical 
application of RvE1 successfully treated estab-
lished ligature-induced periodontitis in the rat 
with significant regeneration of lost periodontal 
soft tissues and bone. At the same time, shifts in 
the local microbiota induced by inflammation 
were markedly reversed by the control of 
inflammation with RvE1, and treatment of 
established periodontitis with RvE1 signifi-
cantly shifted the rat subgingival microbiota 
associated with disease progression back 
toward homeostasis [26].
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Localized aggressive periodontitis (LAP) is an 
early onset, rapidly progressing form of inflam-
matory periodontal disease. In a clinical study 
conducted on patients with LAP, there was an 
increase in surface P-selectin on circulating 
platelets, and elevation in β2 integrin expression 
on neutrophils and monocytes of LAP patients 
compared to healthy, asymptomatic controls, 
indicating chronic upregulation of the inflamma-
tory response in these patients [5]. There was also 
a significant increase in platelet-neutrophil and 
platelet-monocyte aggregates in circulating 
whole blood of LAP patients compared to asymp-
tomatic controls. In addition, whole blood from 
LAP patients generated an increase in pro- 
inflammatory LTB4 and a significantly less 
15-HETE, 12-HETE, 14-HDHA (precursors of 
SPMs), and lipoxin A4. Macrophages from LAP 
subjects exhibited reduced phagocytosis. In 
in  vitro studies with LAP macrophages, RvE1 
(0.1–100  nM) rescued the impaired phagocytic 
activity in LAP macrophages [5].

In a mouse model of ligature and P. gingivalis 
(P.g.)-induced periodontitis, the impact of 
RvD2  in modulating the immune response was 
investigated. Mice were infected with P.g. and 
RvD2 was administered intraperitoneally during 
and after P.g. infection. Treatment with RvD2 
prevented ligature and P.g.-induced alveolar bone 
loss by upregulation of osteoprotegerin (OPG) 
levels and downregulation of receptor-activator 
of nuclear factor κB ligand (RANKL) expres-
sion, suggesting that RvD2 prevented osteoblast- 
mediated and T-cell-mediated signaling of 
osteoclast formation by RANKL leading to alve-
olar bone loss [29].

Most recently, the use of RvD2 as an intra-
canal medicament in the treatment of apical 
periodontitis was tested in rats in vivo. In this 
study, Siddiqui et  al. [30] induced periapical 
lesions by exposing the pulp of rat mandibular 
first molars. The exposed pulps were left open 
to the oral environment for 3 weeks to ensure 
bacterial contamination. The mandibular first 
molars were then cleaned with 70% ethanol, 
followed by pulpal debridement and irrigation 
with 2.5% sodium hypochlorite. The canals 
were then dried with paper points and filled 

with 20 μL RvD2. The control group received 
the same treatment without the RvD2. The 
results demonstrated that RvD2 treatment of 
infected root canals in rat molars reduced the 
number of bacteria and inflammatory cell infil-
trate in the pulp. In addition, the swelling 
decreased and periapical lesions were reduced. 
The pulp began to regenerate and fostering the 
growth of pulp-like tissue and the apexification 
of periapical bone lesions. In the control group, 
pus formed at the root of the tooth, bacteria 
flourished, infection persisted, and no pulp 
regeneration occurred [30].

3.6  Inflammation, Periodontitis, 
and Systemic Inflammatory 
Diseases

Atherosclerosis is a cardiovascular disease 
(CVD) that can lead to ischemic complications, 
including myocardial infarction and stroke, 
which have the highest rate of morbidity and 
mortality in the United States [31]. In atheroscle-
rosis, inflammation plays a fundamental role in 
mediating all stages of the disease, from initia-
tion through progression and ultimately, the 
thrombotic complications [32]. Patients with 
periodontitis share many risk factors with patients 
who have systemic inflammatory diseases, such 
as atherosclerosis [33]; they are older, predomi-
nantly male, and exhibit similar stress and smok-
ing behaviors [33, 34]. In one study, the New 
Zealand White rabbit model was utilized as a 
model for periodontitis with bacterial challenge 
and cardiovascular disease was induced with a 
high cholesterol diet with similar characteristics 
to humans to assess the impact of periodontal dis-
ease on atherosclerotic lesion development. It 
was found that periodontal inflammation pro-
moted atherosclerotic plaque inflammation and 
destabilization [35]. The direct impact of the 
treatment of periodontitis with RvE1 was demon-
strated. The preventive use of oral-topical RvE1 
protected hypercholesterolemic rabbits against 
aortic atherosclerotic plaque formation whether 
there was periodontal disease or not. Local, oral- 
topical RvE1 treatment significantly prevented 
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extensive atheromatous plaque formation induced 
by periodontal disease [35].

The role of Rvs has also been assessed in other 
chronic inflammatory diseases, and has been 
associated with resolution of acute kidney injury 
[36], acute lung injury, the micro- and macrovas-
cular response to injury [28, 37, 38], and inhibi-
tion of microglia-activated inflammation in 
neurodegenerative disorders [38]. In a rabbit 
model of arterial injury induced with a balloon 
catheter, local delivery of RvD2 was employed to 
examine vascular injury in vivo. Following bal-
loon angioplasty, rabbit femoral arteries were 
immediately exposed to and incubated with 
RvD2 (10  nM vs. vehicle) for 20-min. Results 
showed that the local delivery of RvD2 reduced 
vascular smooth muscle cell responses to vascu-
lar injury, and subsequent neointimal hyperplasia 
[37]. Short-term effects on the local tissue 
response were also evaluated 3 days post-injury 
and showed that cell proliferation was decreased 
in RvD2-treated vessels compared to control, and 
leukocyte infiltration after injury was inhibited. 
There was also a significant reduction in inflam-
matory gene expression of TNF-α, MCP-1, and 
IL-1α in the RvD2-treated arteries vs. vehicle- 
treated controls [37].

In type 2 diabetes mellitus, another chronic 
inflammatory disease, obesity, and metabolic 
syndrome-related chronic inflammation lead to 
micro- and macro-vascular damage, disruption 
of lipid metabolism, and abnormalities of 
neutrophil- mediated events [37]. Periodontal 
disease and diabetes have a reciprocal relation-
ship. Diabetes is a significant risk factor for the 
development and severity of periodontal dis-
ease, and periodontal infections have a signifi-
cant impact on diabetic control [39, 40]. In 
periodontitis and type 2 diabetes, unresolved 
inflammation is a critical underlying factor that 
is sustained by a deficiency of lipoxins and 
resolvins [5, 41–44]. In a type 2 diabetes trans-
genic mouse model overexpressing the human 
RvE1 receptor, ERV1, the impact of RvE1 on 
the phagocytosis of Porphyromonas gingivalis 
was investigated [28]. ERV1 transgenic mice 
are resistant to periodontitis and exhibit a 
reduced inflammatory phenotype and respond to 

RvE1 better than wild type animals. Diabetic 
mice (db/db leptin receptor- deficient strain) are 
significantly more susceptible to periodontitis 
than wild type. In addition, ERV1 transgenic 
mice with diabetes are protected from periodon-
titis and topical exogenous RvE1 enhances the 
response. Another interesting finding at first 
glance seems contradictory. RvE1 decreased 
neutrophil counts, but increased phagocytosis 
and clearance of Porphyromonas gingivalis. 
These experiments emphasize the principle that 
more inflammation is not always better and that 
controlled and tightly regulated inflammation is 
necessary for optimal outcomes of the acute 
inflammatory response. Excess inflammation 
can be harmful and actually inhibit bacterial 
clearance and enhance tissue damage [28].

3.7  Periodontal Regeneration

The actions of lipoxins and resolvins are not lim-
ited to inflammatory cells. Human mesenchymal 
stem cells (MSCs) modulate immune- 
inflammatory responses and their modulation can 
provide a unique therapeutic approach to treat 
chronic inflammatory diseases, including peri-
odontal disease. SPMs have been reported to be 
produced by stem cells and their production is 
altered in chronic inflammatory diseases [45–48]. 
It has been proposed that the beneficial actions of 
SPMs are attributed to their ability to directly 
enhance stem cell proliferation and differentia-
tion and indirectly modulate the actions of local 
factors such as cytokines, hormones, growth fac-
tors, free radicals, carbon monoxide, and interac-
tions among them [49, 50].

In one study, mesenchymal stromal cells were 
assessed for their ability to produce specialized 
pro-resolving lipid mediators when exposed to 
carbon monoxide (CO) and in the presence of 
docosahexaenoic acid (DHA) or arachidonic acid 
(AA). The results showed that SPMs were greater 
in DHA exposed cells, compared with AA 
exposed cells, particularly RvDs. The study then 
took a step further to assess the role of the RvD1, 
RvD2, and aspirin-triggered [AT]-RvD3  in the 
interaction of MSCs with neutrophils for their 
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ability to promote bacterial phagocytosis by neu-
trophils. The results showed that MSCs exposed 
to either RvD1 or RvD2, and then incubated with 
neutrophils had robustly increased phagocytosis 
compared with neutrophils exposed to RvDs 
alone or MSCs alone. However, exposure of 
MSCs to AT-RvD3 did not promote neutrophil 
phagocytosis to a level significantly greater than 
neutrophils exposed to MSCs alone. In a mouse 
sepsis model, the administration of CO precondi-
tioned MSCs to mice 6-h after the onset of cecal- 
ligation and puncture (CLP)-induced sepsis led 
to significantly improved survival when the cells 
were exposed to DHA (92% survival), compared 
with cells exposed to AA (58% survival). Taken 
together, these data suggest that the production of 
SPMs contributes to improved mesenchymal 
stromal cell efficacy when exposed to carbon 
monoxide, resulting in the resolution of inflam-
mation and improved therapeutic response dur-
ing sepsis [50].

3.8  Dietary Supplementation 
of Omega-3 Polyunsaturated 
Fatty Acids in Periodontal 
Disease

Many studies over the past few years have 
focused on the benefits of dietary supplementa-
tion of omega-3 PUFAs, such as fish oil, in 
patients with chronic inflammatory diseases [51–
59]. In periodontal disease, the combination of 
scaling and root planning (SRP) with dietary 
supplementation of omega-3 fatty acids signifi-
cantly reduced the gingival index, probing depth, 
and clinical attachment gain compared to the 
control (SRP with placebo) [55]. In a separate 
study conducted by El-Sharkawy et al. [54], the 
host modulatory adjunctive therapy of omega-3 
PUFAs combined with low dose aspirin in the 
treatment of periodontal disease was tested in a 
double-blinded clinical study. The experimental 
group consisted of 40 healthy individuals with 
chronic periodontitis who received dietary sup-
plementation of fish oil (900 mg of EPA + DHA) 
and 81 mg of aspirin in combination with SRP, 
whereas the control group, which also consisted 

of 40 healthy individuals, were treated with SRP 
and placebo. There was a significant reduction in 
mean probing depths and increased attachment 
gain after 3 and 6 months in the experimental 
group compared to the control suggesting that 
omega-3 PUFAs combined with low dose aspirin 
may provide a sustainable, low-cost intervention 
to augment periodontal therapy.

Naqvi et  al. [56] conducted a double-blind 
randomized controlled trial to evaluate the influ-
ence of the adjunctive therapy of DHA + aspirin 
on specific bacterial burden. The effect of daily 
2 g DHA supplementation and low-dose aspirin 
was compared to the daily consumption of pla-
cebo in patients with moderate periodontitis. The 
results indicated that there were broad improve-
ments in clinical parameters including significant 
reduction in mean pocket depth and gingival 
index. More importantly, the authors concluded 
that the adjunctive therapy of DHA  +  aspirin 
improved periodontitis by modulating the host 
inflammatory response.

3.9  Conclusion

Periodontal disease represents a highly complex 
interaction between host and microbial dental 
plaque. Although the etiology is bacterial, recent 
discoveries have clarified that the pathogenesis is 
due to a failure of endogenous resolution of 
inflammation pathways and an excessive inflam-
matory response. Rvs have proven to have potent 
pro-resolving actions in different disease models. 
The potential for local delivery of resolvin analogs 
offers a new approach for therapy in periodontal 
disease. Human clinical trials involving omega-3 
PUFA dietary supplementation combined with 
low dose aspirin as an adjunct treatment for peri-
odontal disease are promising, and suggest the 
possible use of omega-3 PUFA derivatives, such as 
Rvs or LXs, in conjunction with periodontal ther-
apy for the treatment of periodontal disease.

Increasing evidence from in vitro and in vivo 
animal studies and results from early phases of 
human clinical trials suggest that Rvs and LXs 
hold great potential to resolve excessive 
 inflammation and restore periodontal tissue 
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homeostasis in periodontal disease. Although 
promising results have been obtained in animal 
models, additional preclinical studies are neces-
sary to unravel the signaling pathways and 
molecular mechanisms underlying the resolution 
of periodontal inflammation, and elucidate the 
role of stem cell modification by SPMs. Further 
clinical trials are warranted to test the safety and 
efficacy of SPMs for drug development.
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As a bioactive small molecule, salicylic acid 
(SA) is known for its various therapeutic effects, 
including antipyretic, anti-inflammatory, and 
antimicrobial capabilities [1, 2]. For bone regen-
eration applications, the concentration of SA 
is crucial. As a non-steroidal anti-inflamma-
tory drug (NSAID), SA inhibits cyclooxygen-
ase (COX) activity, reduce inflammation, and 
impair bone regeneration [3–5]. Compared to 
other NSAIDs, SA only inhibits COX activity 
at relatively high concentrations (>5 μg/mL in 
cell- based assays) [6, 7]. To address the short 
half-life [8, 9] in  vivo and achieve controlled 
sustained release, SA was incorporated into a 
polymer backbone with linker molecules to yield 
the biocompatible and biodegradable salicylic 
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 acid- based poly(anhydride-esters) (SAPAE) [10] 
(Fig. 4.1).

SAPAE production is well suited to industrial- 
level scale-up and has low costs [11]. For con-
trolled release applications, the SAPAE exhibits 
significant advantages including high SA load, 
surface erosion, and synthetic modifications. High 
loading of SA can be achieved in SAPAE which 
ranges from 60 to 80 weight percent SA. SAPAE 
undergoes surface erosion, resulting in a near 
zero-order SA release. The release time could be 
tuned from days to months by varying the linker 
groups [10]. The thermal and mechanical proper-
ties can be modified by choosing different linker 
groups for specific applications [12, 13].

4.1  Formulations: Fibers, Gels, 
and Microparticles

Bioactive SAPAE polymers exhibited controlled 
release properties in various formulations includ-
ing fibers [13–15], hydrogels [16–19], micro-

spheres [20–23], coatings [24], and injectable 
materials (Fig. 4.2).

Biodegradable polymer membranes have 
been recognized as important candidates for 
physical barriers in guided bone regeneration 
(GBR) procedures, which create a secluded 
space for bone growth and prevents connective 
tissue from growing into the space [25]. As an 
ideal material for physical barrier, SAPAE 
membranes have many advantages including 
biocompatibility and biodegradability, good 
processability and manageability, adequate 
mechanical and physical properties. Moreover, 
SAPAE membranes demonstrate the localized 
release of nonsteroidal anti-inflammatory 
drugs (NSAIDs) SA, which can delay or pre-
vent bone formation by inhibiting cyclooxy-
genase-2 (COX-2) [26]. As a result, the SAPAE 
membranes significantly reduce ectopic bone 
formation outside the defect [15]. The porous 
flexible SAPAE membranes can be formulated 
by electrospun SAPAE with polycaprolac-
tone  (PCL) together with SAPAE as the SA 
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delivery system and PCL as a mechanical mod-
ifier [15].

Hydrogels are three-dimensional (3D) cross-
linked networks of polymers, capable of imbibing 
large quantities of water or biological fluids [27]. 
Such polymeric networks are formed by chemical 
crosslinks (covalent bonding) or physical cross-
links (intermolecular interactions and entangle-
ments) [28–31]. To develop SA-release hydrogels, 
the SAPAE polymer was blended with another 
water-soluble polymer then swollen in water. 
Poly(N-vinyl-2-pyrrolidone (PVP), poly(acrylic 
acid) (PAA), and poly (N-isopropylacrylamide-
co-acrylic acid) (PNIPAM-co-AA)) have been 
used in hydrogel preparation with SAPAE [16–
19]. The SAPAE enables high loading and sus-
tained release of SA, whereas the other polymer 
provides the mechanical properties by forming a 
soft material with increased plasticity and hydro-
philicity. Generally, the SA-release hydrogels 
with higher content of SAPAE and chemically 
crosslinked gels exhibit stiffer, higher viscoelastic 
behavior, which is useful for applications such as 
drug delivery implants or patches, as they are less 
susceptible to displacement or site removal by 
biological fluids [18].

Biodegradable polymer microspheres are 
widely used as delivery systems. Unlike fibers 
or matrix formulations, microspheres can be 
injected rather than surgically implanted [32]. 
Polymer accumulation in  vivo is negligible 
because it is biodegradable, the release rate can 
be accurately controlled, and the degradation 
products are readily cleared. Formulation of 
SAPAE into microspheres is of particular inter-
est because the degradation process is domi-
nantly controlled by surface erosion [33]. 
Moreover, SA is released from the polymer as 
an NSAID, which can be combined with 
another bioactive molecule that is physically 
encapsulated. The strategy of “dual delivery” 
has attracted interest because this combined 
therapy through the simultaneous administra-
tion of two or more drugs may have greater 
therapeutic efficacy compared to each drug 
individually [34]. The SAPAE microspheres 
can be produced with protein-loaded micro-
spheres [20, 21].

Bacterial contamination, especially in the 
form of biofilms, represents a major concern 
[35–38]. Bacterial colonization and biofilm for-
mation on any substratum proceeds by a series 
of complex physical and biological processes 
[39, 40]. The antimicrobial substances that spe-
cifically act against biofilms could be realized 
by sustained release antimicrobials to reduce 
microbial contamination. Salicylates and other 
NSAIDs are known to prevent bacterial adhe-
sion to medical devices [41], although the 
mechanism is not clear. Biofilm formation on 
SAPAE disks and SAPAE-coated surfaces were 
monitored to evaluate their antibacterial prop-
erty. As shown in Fig. 4.3, Pseudomonas aeru-
ginosa biofilm formation on SAPAE surface 
was hindered by the released SA, preventing 
cell accumulation by five orders of magnitude 
compared to an inactive control [42]. Similarly, 
SAPAE also hindered the formation of 
Salmonella biofilms effectively [43].

4.2  Localized SA Release 
Influences Inflammation 
with Bone

Inflammation has been shown to cause the for-
mation of osteolytic lesions by stimulating 
osteoclast- mediated bone resorption and inter-
fering with bone coupling. SA is a potent inhib-
itor of prostaglandins (PGE) [44], that are 
involved in bone resorption. The effect of local-
ized release of SA from SAPAE on healthy 
bone and tissue was evaluated in vivo using a 
mouse model [45]. SAPAE polymers were 
compression-molded to produce membranes 
with thickness ranging from 0.1 to 0.3 mm. In 
the mouse, the palatal and alveolar bone were 
exposed after reflection. SAPAE membrane 
was placed on the bone, which was also adja-
cent to the maxillary first molar. Visual and his-
topathological observations show that in tissue 
adjacent to the SAPAE membrane, the density 
of inflammatory cells and swelling were 
decreased (Fig.  4.4). After 20  days, greater 
thickness of new palatal bone was observed 
with less bone resorption in the region near the 
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SAPAE membranes suggesting enhanced new 
bone formation.

4.3  Bone Regeneration 
with SAPAE

To evaluate the efficacy of SAPAE as GBR bar-
rier materials, SAPAE-modified 3-D osteocon-

ductive ceramic scaffolds were evaluated as a 
combined GBR system for concurrent control of 
inflammation, soft tissue ingrowth, and bone 
repair in a rabbit cranial defect model [46]. The 
SAPAE polymer in the system suppressed inflam-
mation and displayed no deleterious effect on 
bone formation, indicating the concentration of 
SA released by the SAPAE is in the appropriate 
range to suppress the host inflammation response 
while still allowing bone formation. The SAPAE 
polymers in conjunction with the osteogenic 
scaffold can be a useful GBR device.

To further explore the potential utility of 
SAPAE polymers for GBR, porous PCL scaf-
folds containing BMP-2 and SAPAE were fabri-
cated to treat 1-cm-diameter defects in rabbit 
parietal bones [47]. The SAPAE polymer affected 
the resorption of calcium sulfate within the scaf-
fold and prolonged the release of BMP-2. At the 
same time, SAPAE did not impair bone forma-
tion in the defect. These observations indicate 
that SAPAE paired with BMP-2 can be optimized 
for use in GBR to help repair large bone defects.

It is also possible to develop a scaffold that 
incorporates a bioactive molecule into polymer 
backbone prior to scaffold formation. Copolymers 
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Fig. 4.4 SAPAE reduces inflammation in diabetic and 
normal healing osseous wounds. PMNs and mononuclear 
cells per mm2 were measured in osseous defects at 
4 weeks. Reprinted from Journal of biomedical materials 
research. Part A 104: 2595–2603 (see [56])
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Fig. 4.3 SAPAE enhances bone formation in a critical 
size mandibular bone defect. Critical size defects were 
created in normoglycemic and streptozotocin-induced 
type 1 diabetic rats and osseous healing was visualized by 

microCT.  Panels (a–d) represent animals treated with 
SAPAE/graft and (e–h) treated with graft alone. Reprinted 
from J Control Release 171: 33–37 (see [55])
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of the SA-adipic (SAA) moiety that releases SA 
upon hydrolysis, and the SA-α, α’-bis(o- 
carboxyphenoxy)-oxylene (OCOX) moiety that 
provides physical integrity were developed. The 
copolymers were formulated into microspheres 
and then sintered in a mold to yield an intercon-
nected porous scaffold. The chemical incor-
poration of SA allows very high drug loading up 
to 45  wt% and displays sustained drug release 
(30–50 days) that is comparable to the duration 
of bone regeneration [48, 49]. In addition, the 
scaffolds have suitable modulus (10–30  MPa) 
and porosity (60%) for bone regeneration 
[50–52].

4.4  SAPAE for Treatment 
of Osseous Defects 
in Diabetic Conditions

Periodontal and craniofacial defects are often 
treated with bone grafting. Poorly controlled dia-
betics have highly variable outcomes [53, 54]. 
Proof-of-concept studies were performed with 
SAPAE in diabetic rats [55]. In these studies, 
SAPAE was ground into a fine powder and mixed 
with freeze-dried bone allograft and mineral oil 
where the control group received allograft/oil 
alone. Two groups of rats were examined. One 
had type 1 diabetes induced by streptozotocin 
injection and the normal group received citrate 
buffer alone. A rat mandibular bone defect model 
was used in which a critical size defect was cre-
ated and examined at 4 and 12 weeks. An initial 
microcomputed tomography (microCT) analysis 
was performed at 4 weeks to measure initial bone 
formation. SAPAE-treated bone grafts had sig-
nificantly more bone fill compared to bone graft 
alone in both diabetic and normal animals, dem-
onstrating accelerated healing in both groups. At 
12  weeks, when considerable bone remodeling 
has already occurred, SAPAE treatment in dia-
betic rats increased the amount of new bone by 
43% compared to graft alone. No significant 
effect was observed with SAPAE in the normal 
animals at the remodeling stage. The results with 
microCT were confirmed by histologic analysis. 
Treatment of diabetic rats with SAPAE/bone 

graft induced 115% more bone fill compared to 
graft alone, whereas SAPAE in normoglycemic 
rats did not significantly increase bone fill.

Mechanistic studies were initiated to explore 
how SAPAE promoted healing [56]. The number 
of osteoblasts, osteoclasts, and inflammation in 
the area of healing bone was assessed. Since 
inflammation is elevated in diabetic wounds and 
may suppress bone formation [57–59], the 
impact of SAPAE on inflammation was assessed 
by measuring polymorphonuclear and mononu-
clear leukocyte infiltration at 4-weeks, when ini-
tial bone formation is clearly evident [58, 60]. 
Diabetic osseous wounds had significantly more 
polymorphonuclear neutrophils (PMNs) and 
mononuclear leukocytes. SAPAE reduced the 
inflammatory infiltrate in the diabetic animals as 
well as normoglycemics. Inflammation was also 
examined by measuring IL-1α, which was 
increased in diabetic osseous defects [56]. 
SAPAE treatment significantly rescued the high 
levels of IL-1α in the diabetic rats and returned 
them to normal levels. Thus, at both the cellular 
level (leukocyte counts) and the molecular level 
(IL- 1α), SAPAE reduced inflammation particu-
larly in diabetic rats such that the effect of 
SAPAE was more prominent in diabetic com-
pared to normal rats.

One of the effects of inflammation on bone is 
to stimulate osteoclastogenesis. This effect is sig-
nificant as the amount of bone formed reflects 
both the activity of osteoblasts and removal by 
osteoclasts. Diabetes significantly increased the 
number of osteoclasts and SAPAE treatment 
reduced osteoclasts in diabetic groups at both 4 
and 12 weeks. This result is significant as osteo-
clastogenesis and osteoclast activities are exacer-
bated by diabetes-enhanced inflammation [61]. 
Thus, one of the effects of reduced inflammation 
due to SAPAE treatment was lower osteoclasts 
numbers and activity compared to their non- 
SAPAE counterparts. The ultimate effect of 
reduced bone resorption in inflammatory 
 conditions is to preserve the amount of bone, 
especially since bone coupling is reduced in the 
face of an inflammatory microenvironment [60]. 
The latter is supported by the examination of 
osteoblast density (Fig.  4.5). Bone-lining 
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 osteoblast numbers were reduced by ~50% in the 
diabetic animals compared to normal controls. 
This finding is consistent with previous results 
demonstrating that diabetes causes an increase in 
apoptosis in mesenchymal stem cells that can dif-
ferentiate into osteoblasts, induces a reduction in 
osteoblast proliferation, and causes an increase in 
osteoblast cells death mediated by caspase-3 
in  vivo, all of which can contribute to reduced 
osteoblast numbers [61, 62]. Treatment of dia-
betic animals with SAPAE blocked the negative 
effect of diabetes on osteoblast numbers so that 
they were returned to normal levels in the 4-week 
experiments. At 12 weeks, diabetic mice also had 
fewer osteoblasts. Similar to results at 4 weeks, 
the application of SAPAE with the grafting mate-
rial preserved the osteoblast numbers so that 
there was no decrease in the diabetic animals.

Taken together, the above results with SAPAE 
indicate that slow release of SA suppresses pro-
longed inflammation found in diabetic osseous 
healing. It normalizes this deficit in diabetic bone 
healing by reducing inflammation, osteoclasts, 
and restoring osteoblast density to the normal 
levels (Fig. 4.5). By affecting all three parame-
ters, we postulate that the effect of SAPAE 
remains prominent in diabetic animals at 
12 weeks (Fig. 4.5).

In vitro studies were carried out to describe 
the SAPAE pharmacokinetics using a novel agar- 
based system to realistically mimic the release of 
SAPAE in vivo. The initial low release of SAPAE 

observed in the first few days may allow the early 
events of inflammation to proceed normally after 
injury to initiate the healing cascade [63]. At days 
3–6, higher levels of localized SA were detected, 
which can initiate resolution of inflammation that 
has been shown to persist in diabetic animals and 
may hinder bone formation [64]. After 1  week 
in vitro, the level of SAPAE (~0.5 mg/mL) was 
higher than the IC50 (5–20 mg/mL) [65], which 
is expected to be therapeutically effective [19]. 
The bulk SA release profile was similar to a pre-
vious study [55], in which there was an initial lag 
period followed by sustained SA release. 
However, the agar-based system showed a much 
longer release duration (60% cumulative release 
at day 3 1) compared to the previous study (100% 
release at day 16) [55]. The effects of SAPAE 
treatment on inflammation are clearly evident at 
28 days in vivo [55]. This study investigated the 
local pharmacokinetics of SAPAE using a novel 
agar-based system and evaluated the cellular and 
molecular mechanisms of localized and sustained 
SA release on diabetic bone regeneration. With 
the agar system, a continuous and slow localized 
release of SA was observed for more than a 
month; these data correlate with the prolonged 
local anti-inflammatory effect observed in vivo, 
as demonstrated by histological analysis. The 
prolonged inflammation mitigation down- 
regulated osteoclast density and activity, and 
increased osteoblastogenesis, particularly in dia-
betic animals [66, 67]. As a result, SAPAE 
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 significantly enhanced bone formation, espe-
cially in diabetic animals [55].

4.5  Potential Treatment  
of Peri-implantitis  
(Peri-implantitis) with SAPAE

Implant therapy is a well-documented approach 
to maximize dental rehabilitation in response to 
tooth loss [68]. Peri-implant disease has similari-
ties to periodontitis. Both are bacteria-initiated 
and the loss of bone requires a host-mediated 
complex inflammatory process, which can impact 
tooth and implant survival [69, 70]. Up to half of 
the patients with dental implants will develop 
peri-implantitis, which poses a significant oral 
health problem [71, 72]. Peri-implantitis is char-
acterized with an excessive and prolonged 
inflammation that compromises bone [67]. 
Bacteria-induced inflammation around dental 
implants plays a dominant role into promoting 
osteoclast-mediated bone resorption and inhibit-
ing bone formation leading to net bone loss 
around implants, similar to the loss of bone and 
bone uncoupling that occurs in periodontitis [73]. 
Peri-implant infection is an unresolved oral 
health condition that once established may lead 
to implant loss.

4.6  Diabetes 
and Peri-implantitis

Approximately 300 million individuals (~8.5% 
of the world’s population) are currently diag-
nosed with type 2 diabetes mellitus (DM) and is 
projected to surpass 500 million by 2035 [74–
76]. Although implant placement is often initially 
stable in diabetic individuals, several reports 
indicate that osseointegration is reduced (less 
bone formed around the implant) [77–80] and are 
often at greater risk for peri-implantitis [81–84], 
similar to the risk of more severe periodontal dis-
ease [85, 86]. Moreover, DM has been shown to 
affect bone formation in steady-state conditions 
and contribute to osteoporosis and increased 
fracture risk as well as reduced bone formation in 

response to osseous injury or following peri-
odontal bone resorption [60, 75, 80, 87–89]. 
Hyperglycemic conditions are known to cause a 
shift to a more pathogenic microbiome [90–94] 
that potentially accelerate peri-implantitis-related 
bone loss [90, 95].

4.7  Potential Role of SAPAE 
in Peri-implantitis in Normal 
or Diabetic Situations

Current methods to arrest and treat peri- 
implantitis are largely unpredictable and often 
ineffective. Treatment strategies for peri- 
implantitis have focused on access flap proce-
dures and implant surface decontamination, local 
and systemic administration of antimicrobial 
agents, as well as bone grafting procedures [96, 
97]. There are two major issues: (1) How to stop 
the progression of peri-implantitis and (2) once 
peri-implantitis has progressed, how to effec-
tively induce bone regeneration around the 
implant. Both are challenging in healthy patients 
since no effective therapy currently exists [72]. 
Furthermore, the local and systemic inflamma-
tory conditions presented by diabetes are thought 
to present additional challenges to overcome. 
While surgical debridement and surface decon-
tamination/detoxification have been widely uti-
lized to treat peri-implantitis, the sustained local 
delivery of antibacterial agents that mitigate peri- 
implantitis’ prolonged inflammation leading to 
bone healing and reattachment to the implant sur-
face has been regarded as the ideal treatment.

Local and systemic conditions potentially 
converge to make treatment of peri-implantitis 
difficult [82, 96, 98, 99]. Sustained controlled 
delivery can be achieved with polymeric biode-
gradable devices such as polymers of SAPAEs. 
As described above, the chemical incorporation 
yields a high drug loading of ~70% that releases 
SA and biocompatible adipic acid in a sustained 
manner upon hydrolysis [100]. SA is an NSAID 
and suppresses activation of nuclear factor kappa-
 B (NF-κB) and inhibits the production of pro- 
inflammatory cytokines such as TNF-α, IL-1, and 
IL-6 [101]. Reduced inflammation also improves 
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the survival of osteoblasts and reduces osteoclas-
togenesis [102–105]. Additionally, the SAPAE 
polymer is antibacterial [42] due to its ability to 
inhibit bacterial adhesion and other mechanisms 
such as reduced quorum sensing [42, 106, 107]. 
SA release begins after a lag time (e.g., ~3 days) 
that allows initial inflammation to occur and initi-
ate healing events [56]. Given peri-implantitis 
microbial etiology [108] and related inflamma-
tion, SAPAE presents essential properties for 
treating patients with advanced peri-implantitis, 
and further work is warranted to optimize treat-
ment regimens. Current studies in a large animal 
model are underway to determine whether the 
local application of SAPAE can inhibit the 
inflammation and progression of peri-implantitis. 
Another avenue that may be fruitful is the use of 
SAPAE to promote bone regeneration after peri- 
implantitis has caused the loss of bone surround-
ing an implant. Based on its properties both are 
potential treatment approaches.
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5.1  Overview 
of Osteoimmunology During 
Periodontal Disease 
Progression

Periodontal disease manifests as an intimate 
combination of inflammation and bone resorp-
tion, eventually leading to tooth loss. Alveolar 
bone is a highly dynamic tissue that constantly 
undergoes a remodeling process in which bone 
resorption and bone deposition are balanced in 
the presence of a commensal oral microbiome. 
When chronic inflammation in the overlying 
soft tissues reaches a certain threshold at a crit-

ical distance from the bone surface, bone 
resorption pathways are activated, resulting in 
a disruption of this balance to favor net bone 
loss [1].

The receptor activator of nuclear factor 
kappa-Β (RANK)/RANK ligand (RANKL)/
osteoprotegerin (OPG) system, which controls 
osteoclast development, differentiation, activa-
tion, and function, is a key mediator of bone 
loss in periodontal disease. RANKL is an 
essential cytokine in osteoclast formation and 
resorptive function contributing to bone loss. 
This mechanism is regulated by the RANKL 
decoy receptor osteoprotegerin (OPG), which 
blocks RANKL signaling through its cognate 
receptor, RANK.  The imbalance of the 
RANKL/OPG ratio is thought to deregulate 
bone remodeling, driving bone loss when 
RANKL concentrations exceed OPG relative 
to normal physiology [2]. Through interactions 
with its associated receptor RANK on the cell 
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surface on various osteoclast  precursor popula-
tions, RANKL stimulates differentiation and 
maturation of cells from the monocyte/macro-
phage lineage to form functional osteoclasts 
resulting in ensuing bone resorption. Thus, the 
RANKL/OPG ratio eventually determines 
bone turnover [3–5].

RANKL expression requires different sig-
naling pathways depending on the nature of 
extracellular stimulation, cell type, and even 
cell differentiation state. Indeed, RANKL 
expression has been shown to increase inflamed 
periodontal tissues from various cell types, 
including osteoblastic cells, bone marrow stro-
mal cells, endothelial cells, mononuclear cells, 
and periodontal ligament fibroblasts [6–10]. 
Importantly, many secreted pro-inflammatory 
cytokines and other mediators have been shown 
to converge and stimulate RANKL in these cell 
types, including IL-1β, TNF-α, IL-6, IL-8, 
IL-11, IL-17, MMPs, and PGE2, all of which 
are upregulated in periodontal tissues (reviewed 
in [11].)

Oral bacterial periodontal pathogens can 
directly or indirectly regulate osteoclast forma-
tion. Direct activation of osteoclast progenitors 
can occur in the presence of RANKL or indi-
rectly through inducing RANKL expression by 
non-osteoclastic cells (osteoblasts, periodontal 
ligament fibroblasts, etc.), thereby stimulating 
RANK on defined osteoclast precursor popula-
tions to form mature osteoclasts. RANKL bind-
ing activates NFATc1, which is a key transcription 
factor required for osteoclastogenesis [12]. 
However, inflammatory chemokines and cyto-
kines are also known to directly induce osteoclast 
formation independent of RANKL [13–15]. 
Thus, RANKL-RANK signaling and pro- 
inflammatory cytokines drive osteoclastogenesis 
in the context of periodontal disease and associ-
ated alveolar bone resorption (Fig.  5.1). This 
chapter will focus on crucial intracellular signal-
ing pathways that lead toward osteoclast differ-
entiation in response to periodontal environmental 
cues from a basic and translational science per-
spective that can be manipulated for therapeutic 
intervention to aid in the management of peri-
odontal disease progression.

5.2  General Aspects 
of the MAPK/MKP Signaling 
Axis

The innate immune system serves as the first of 
defense against periodontal pathogenic organ-
isms and its interaction with microbial compo-
nents activates multiple signaling cascades, 
including mitogen-activated protein (MAP) 
kinase pathways. Among the various signaling 
molecules that regulate inflammatory pathways, 
MAP kinases are critical since their activation 
significantly contributes to the regulation of 
inflammatory diseases, including periodontal 
diseases.

MAP kinases are highly conserved serine/
threonine protein kinases in eukaryotes. The 
MAPKs are organized in modules 
(MAPKKK→MAPKK→MAPK) sequentially 
activated by a cascade of dual phosphorylation 
events at tyrosine/threonine residues. Beginning 
with the activation of upstream MAP kinase 
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Fig. 5.1 Anatomy of periodontal tissues and cellular 
biology of inflammatory bone loss. Illustration depicts 
cell responses to bacterial plaque biofilm on the root sur-
face within the periodontium. Polymorphonuclear lym-
phocytes (PMNs) and macrophages (Mϕ) secrete 
inflammatory cytokines and matrix metalloproteinases 
(MMPs) to increase the immune response and degrade 
connective tissue matrix. Osteoclastogenesis is induced to 
these stimuli to increase bone resorption through RANKL/
RANK system. Adapted from [3]
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kinase kinase (MKKK), MAP kinase kinase 
(MKK) is further activated by MKKK at two ser-
ine residues. MKK in turn activates MAP kinase 
by phosphorylating the MAPKs at the adjacent 
threonine and tyrosine residues localized within a 
conserved activation loop motif [16]. Three MAP 
kinases, p38, c-Jun N-terminal kinases (JNK), 
and extracellular signal-regulated kinases (ERK), 
are the best studied [17].

Individual extracellular stimuli preferentially 
activate distinct MAP kinases to activate differ-
ent effector molecules. Many growth factor and 
G-protein linked receptors, cell adhesion, phor-
bol esters, and some oncogenes are linked to acti-
vation of the ERK MAP kinases, which are 
involved in cellular chemotaxis, cell cycle pro-
gression and mitogenesis, oncogenic transforma-
tion and metastasis, neuronal differentiation and 
survival, and in processes underlying memory 
and learning. Inflammatory cytokines (such as 
IL-1 and TNFα) and a number of cell stress- 
inducing factors (such as heat shock, osmotic 
shock, ultraviolet radiation, and oxygen radicals) 
preferentially lead to activation of JNK and p38 
MAP kinases. In all, MAPK signal transduction 
cascades play a pivotal regulatory role in the bio-
synthesis of numerous cytokines, chemokines, 
and other inflammatory mediators that are neces-
sary for the immune system to fight pathogenic 
infections.

Once activated, the MAPKs can target an 
array of downstream substrate proteins for phos-
phorylation, including downstream serine/threo-
nine kinases, cytoskeletal elements, cell death 
regulators, and many nuclear receptors and tran-
scription factors (including AP-1, NF-κB, or 
CAAT-enhancer-binding protein) which activate 
specific gene promoters (illustrated in Fig. 5.2). 
For example, NF-κB can bind to the promoter 
regions of many pro-inflammatory cytokine and 
chemokine genes and activate their transcription. 
In addition to the regulation of the expression of 
inflammatory mediators, MAPKs are also impli-
cated in the regulation of reactive oxygen and 
nitrogen species, which are critical for killing 
microbes engulfed by phagocytes. MAPKs also 
regulate gene expression through promoting 
chromatin remodeling [17] and participate in the 

transport, stabilization, and translation of cyto-
kine mRNA transcripts that contain specific 
AU-rich elements [18]. It is well established that 
p38 MAPK activates MAP kinase-activated pro-
tein kinase (MK)-2 through phosphorylation. 
MK2, in turn, inactivates trans-acting pro-decay 
RNA-binding protein, including tristetraprolin 
(TTP), by phosphorylation. Phosphorylated TTP 
is then sequestered via 14:3:3 protein as a chaper-
one to prevent the binding of TTP with ARE 
mRNA motif within the 3′-untranslated region 
(UTR) of the mRNA.  Thus, ARE mRNAs are 
spared from TTP shuttling to degradation 
machinery, and TTP-mediated de-adenylation 
and destabilization of ARE-containing transcripts 
are inhibited, providing specific mRNA transla-
tion [19–21].

The MAP kinase phosphatase (MKP) family 
of proteins has the ability to negatively regulate 
MAP kinase activity by dephosphorylating 
MAPK proteins, and 11 such family members 
have been identified to date with the most widely 
studied, archetype member being MKP-1. MKPs 
have been classified according to their substrate 
specificity and their primary cellular location. 
The ERK-selective MKP proteins exist in the 
cytoplasm, including MKP-3, MKP-X, and 
MKP-4, the inducible MKP proteins are nuclear, 
including MKP-1 and MKP-2, whereas the JNK/
p38-selective MKPs are both nuclear and cyto-
plasmic and include MKP-5 and MKP-7 [22]. 
Many processes regulated by MAPKs have been 
shown to be regulated by MKPs. MKP-1 is a 
phosphatase that negatively regulates the innate 
immune response through dephosphorylation of 
p38, ERK, and JNK in response to various stim-
uli [23–26].

5.3  MAPK/MKP Signaling 
in Osteoclastogenesis

In the oral microbial environment, bacterial con-
stituents including gram-negative-derived lipo-
polysaccharide (LPS) can initiate inflammatory 
bone loss as seen in periodontal diseases. 
Bacterial LPS can stimulate the expression of 
IL-1β, TNFα, IL-6, and RANKL by activating 
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the innate immune responses, as well as non- 
immune cells such as osteoblasts [5, 27, 28]. The 
production of inflammatory cytokines results 
from the activation of kinase-induced signaling 
cascades and transcriptional factors. LPS initi-
ates this cascade by binding CD14 as well as toll- 
like receptors (TLRs), mainly TLR-2 and TLR-4 
[29–31]. Regardless of which TLR is engaged, 
LPS increases expression of RANKL, IL-1, PGE2 
and TNFα, each known to induce osteoclast 
activity, viability, and differentiation [32, 33]. In 
addition, activated monocytes, macrophages, and 
fibroblasts all produce cytokines, such as TNFα, 
IL-1β, and IL-6, within periodontal lesions [34, 

35] and have all been found to be significantly 
elevated in diseased periodontal sites compared 
to healthy or inactive sites [36–40]. These cyto-
kines orchestrate the cascade of destructive 
events that occur in the periodontal tissues, and 
trigger the production of an array of inflamma-
tory enzymes and mediators including matrix 
metalloproteinases (MMPs) and prostaglandins. 
Moreover, pro-inflammatory cytokines directly 
or indirectly recruit and activate osteoclasts 
through RANKL-dependent and independent 
pathways, resulting in irreversible bone destruc-
tion [41, 42]. This information indicated several 
years ago that understanding inflammatory 
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Fig. 5.2 MAPK/MKP innate immune signaling. TLR-2 
and TLR-4 are depicted as examples of TLR receptors 
expressed in the cells of periodontal tissues. Upon 
ligand binding, these TLRs recruit adaptor protein 
MyD88 and activate common upstream activator 
(IRAK/TRAF6 and TAK1) of NF-kB and MAP kinases. 
TLR-4 may also activate NF-kB independent of MyD88 
and with delayed kinetics (red dotted line). Activated 
NF-kB and MAP kinases translocate to the nucleus and 
bind to their motifs (NF-kB, AP-1, respectively) in the 
promoter of target genes (including early-response and 
inflammatory genes) and induce their transcription into 
mRNA which will ultimately lead to increased cytokine 
production. p38 MAP kinase is also involved post-tran-

scriptional regulation of pro-inflammatory genes  
(e.g., IL-6, Cox-2) by modulation of mRNA stability in 
the cytoplasm. MAP kinase phosphatase- 1 (MKP-1) 
negatively regulates MAPK activation via dephosphory-
lation of target kinases at multiple points of kinase acti-
vation. (Legend: TLR toll-like receptor, CD14 cluster of 
differentiation 14 molecule, MD2 myeloid differentia-
tion protein 2, MyD88 myeloid differentiation primary 
response gene 88, IRAK interleukin-1 receptor-associ-
ated kinase, TRAF6 TNF receptor- associated factor 6, 
TAK1 TGF-beta-activated kinase 1, MKK mitogen-acti-
vated protein kinase kinase, ERK extracellular signal-
regulated kinase, JNK c-Jun N-terminal kinase, AP-1 
activator protein-1)
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 cytokine expression mechanisms in macrophages 
may be important in the management of peri-
odontal diseases. Indeed, blocking TNFα has 
been proven to effectively inhibit osteoclast for-
mation [43] and blockade of TNF has been used 
as a probe to understand the molecular basis of 
osteoclastogenesis and also as a target for thera-
peutic agent development in rheumatoid arthritis 
and periodontal diseases [44, 45].

RANKL, and its ability to regulate osteoclas-
togenesis, is well established [46, 47], which is 
highlighted by the finding that the deletion of 
RANKL or its receptor RANK results in an 
osteoclast-deficient state of osteopetrosis [48]. 
RANKL signaling in osteoclastogenesis activates 
six key signaling pathways in osteoclasts: nuclear 
factor of activated T cells (NFAT) c1, nuclear fac-
tor kappa B (NF-kB), Akt/protein kinase B 
(PKB), JNK, ERK, and p38 [49]. NFAT proteins, 
which are expressed in most immune-system 
cells, play pivotal roles in the transcription of 
cytokine genes and other genes critical for the 
immune response. The transcriptional activity of 
NFAT is regulated by its intracellular localiza-
tion. NFAT is heavily phosphorylated in its regu-
latory domain. Phosphorylation of NFAT results 
in masking of the nuclear localization signals, 
with consequent cytoplasmic sequestration of the 
transcription factor. Several protein kinases 
including p38 [50], JNK [50], and GSK3β prim-
ing kinase protein kinase A [51] can re- 
phosphorylate NFAT, causing the transcription 
factor to exit the nucleus and relocate to the cyto-
plasm. Thus, phosphorylation of NFAT through 
the MAPK/MKP axis is critical for the master 
osteoclast transcription factor, NFATc1, to trans-
locate into the nucleus of osteoclast progenitor 
populations to activate the osteoclastogenic 
machinery.

It is clear that MAPK and NF-κB signaling are 
key signaling pathways engaged following A. 
actinomycetemcomitans exposure [52–54]. In 
murine-derived macrophages, the cytoplasmic 
TLR adaptor protein, MyD88, was essential for 
A. actinomycetemcomitans-induced phosphory-
lation of IkB-α, which promotes NF-kB activa-
tion, and all three MAPKs: p38, JNK, and ERK 
[55]. A. actinomycetemcomitans LPS also led to 

phosphorylation of NF-κB subunits (p65 and 
p105) JNK, p38, and ERK MAPKs in rat macro-
phages [52, 54]. LPS and TNF-α activated p38/
JNK MAPKs and directly induced osteoclast for-
mation from the mouse macrophage/monocyte 
cells [15]. In the A. actinomycetemcomitans LPS 
rat model of experimental periodontitis, an 
increase in osteoclast formation was observed 
along with the increased expression of pro- 
inflammatory cytokines IL-1β, TNFα, and IL-6 
[56]. Furthermore, in a rat calvarial model, A. 
actinomycetemcomitans induced osteoclast and 
resorption pit formation [53]. These studies illus-
trate that cytokines, including RANKL, are 
expanded by A. actinomycetemcomitans and 
result in oral bone loss subsequent to osteoclast 
formation and require specific intracellular sig-
naling pathways to accomplish these goals.

The relevance of p38 MAPK in the regulation 
of expression of IL-6, MMP-13, and RANKL in 
periodontal ligament fibroblasts and osteoblasts 
has been throughly investigated [6, 57–59]. Here, 
using classic small molecule inhibitors and 
genetic constructs, p38 MAPK was shown to be a 
key signaling pathway maximal expression of 
these inflammatory and osteoclastogenic media-
tors in vitro. More mechanistic studies followed 
showing different mechanisms that p38 MAPK 
signaling used to control target gene expression. 
For example, IL-6 was regulated at the level of 
mRNA stability via p38, whereas MMP-13 was 
largely controlled at the gene promoter level [57, 
60]. Interestingly, p38 regulated RANKL expres-
sion in bone marrow stromal cell populations 
through far distal gene promoter elements located 
over 120 kb upstream of the transcriptional start 
site [6]. These studies highlight the fact that 
although p38 MAPK  signaling is involved in key 
pro-osteoclastogenesis factors, the mechanisms 
vary dramatically.

In addition to p38 MAPK, the involvement of 
MAPK cascade proteins, MAPK-activated protein 
kinase 2 (MK2), and MAPK-phosphatase 
(MKP)-1 in osteoclastogenesis has been addressed. 
MK2 is a phosphorylation substrate of p38α/β 
MAPK that is activated by A. actinomycetemcomi-
tans LPS in macrophages [52, 53]. Like p38 
MAPK, MK2 has also been shown to play a key 
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role in osteoclastogenesis. MK2 deficiency regu-
lates osteoclast function in vitro and in mice [61]. 
MK2 signaling positively regulated osteoclast-
specific gene expression of Acp5, Rank, Oscar, 
and Mmp9 in osteoclast differentiation assays and 
bone resorption on cortical bone slices. 
Mechanistically, MK2 deficiency attenuated bind-
ing of NFATc1 to the promoter regions of Calcr, 
which encodes calcitonin receptor, and Acp5. Our 
group demonstrated MK2 signaling- regulated 
pathogenic and physiological bone turnover [62]. 
Using a murine calvarial model, A. actinomy-
cetemcomitans was used to study the influences on 
bone remodeling, since both calvarial bone and 
alveolar bone are formed by intramembranous 
ossification. Osteoclast formation indeed increased 
from days 3 to 5 during A. actinomycetemcomi-
tans exposure in Mk2+/+, but not in Mk2−/− mice. 
Osteoclast levels correlated with resorption pits 
observed from microcomputed tomography 
(μCT). In the absence of MK2, bone loss was sig-
nificantly reduced further confirming the positive 
regulatory role in bone resorption. This study also 
demonstrated that MK2 signaling differentially 
inhibits osteoclast differentiation by sex.

Defined osteoclast progenitors (dOCP), 
described by the immunophenotype 
CD45RnegGR-1neg/loCD11blo, appear to have the 
most osteoclastogenic potential [63]. MK2 defi-
ciency downregulated dOCPlo osteoclastogene-
sis, but not other dOCP populations in 
osteoclastogenesis assays. In addition, sex 
seemed to be different in MK2-deficient mice. 
Osteoclasts derived from male and female dOC-
Plo cells formed the most osteoclasts within 
3  days when compared to Mk2+/+ dOCP− and 
dOCPhi, consistent with the report that dOCPlo/− 
are the most osteoclastogenic [64]. We also dem-
onstrated that MK2 signaling regulates mRNA 
expression of both osteoclast fusion genes, 
Oc-stamp and Tm7sf4 during osteoclastogenesis 
and MK2 deficiency also led to a reduction in 
Ctsk, a transcript critical for osteoclast function. 
Thus, MK2 signaling is critical for osteoclasto-
genesis from the male dOCPlo cells and regulates 
osteoclast fusion genes Oc-stamp and Tm7sf4.

On the opposing side of p38/MK2 signaling, 
MKP-1 signaling in osteoclastogenesis has been 

investigated. As described above, MKP-1 is pri-
marily responsible for dephosphorylation of 
phospho(p)-p38 and p-JNK, thus contributing 
toward downregulation of cytokine production 
including IL-6, TNF-α, IL-10, and CXCL1  in 
macrophages. Using the dOCP populations, ini-
tial studies addressed the role of MKP-1  in 
Dusp1-deficient mice. As expected, LPS and 
bacterial-induced systems indicated that in the 
absence of MKP-1, when more p38/JNK signal-
ing is prolonged, there is more bone loss and 
associated osteoclastogenesis [53, 65]. 
Importantly, MKP-1 signaling is actually required 
for RANKL-induced osteoclastogenesis while 
MKP-1 signaling is a negative regulator of LPS- 
induced osteoclastogenesis [14, 66]. In defined 
Dusp1−/− dOCP populations, there were fewer 
and smaller osteoclasts formed in response to 
RANKL through a mechanism whereby NFATc1 
nuclear translocation is impaired [66]. 
Additionally, chemical inhibition of either p38 or 
JNK reversed NFATc1 nuclear translocation in 
Dusp1−/− dOCP populations. Previous work 
established that Dusp1-deficient mice have a 
smaller skeletal phenotype compared to matched 
WT littermates [67]. Interestingly, our group has 
also shown that the deletion of Dusp1 resulted in 
less osteoclasts as a result of reduced Vitamin 
D-induced RANKL expression in bone marrow 
stromal populations due to impaired RXR/VDR 
heterodimer nuclear translocation [68]. Thus, 
there appears to be a mechanistic basis for thera-
peutics that would induce MKP-1 expression/
activity since this pathway is required for osteo-
clastogenesis induced by physiological cues, 
such as RANKL and Vitamin D, but restrains 
bacterial or inflammatory-induced osteoclasto-
genesis, as observed in periodontal diseases.

5.4  Therapeutic Targeting 
of p38/MK2 Signaling 
in Periodontal Disease

Several therapeutic approaches to block the pro-
gression of inflammatory bone loss observed in 
periodontitis include host modulation of MMPs, 
COX2, and arachidonic acid metabolites. 
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However, these therapies target singular mecha-
nisms of alveolar bone destruction. Cytokines are 
well known to compensate for one another, 
thereby limiting the effect of cytokine-specific 
inhibitors. Alternatively, targeting a common 
regulatory mechanism for multiple cytokines 
may repress periodontal disease progression and 
improve treatment response. Also, inflammatory 
cell signaling pathways that generate inflamma-
tory and tissue destruction proteins have become 
promising therapeutic targets. Therapeutic mod-
ulation of signaling pathways can affect various 
genes, depending not only on the pathway but 
also on the relative position targeted for inhibi-
tion in the signaling cascade. Because the 
p38MAPK/MK2 pathways phosphorylate down-
stream targets, primarily RNA binding proteins 
that regulates pro-inflammatory cytokines, 
including IL-6, TNFα, GM-CSF, IL-8, and iNOS, 
through mRNA stability, their pathway compo-
nents could be excellent targets for therapeutic 
designs.

The translational significance of p38 MAPK 
signaling in periodontal disease progression 
was observed when an orally active specific 
p38 inhibitor reduced periopathogenic LPS-
induced bone destruction in a rat model [69]. 
To study the preventive function of p38 inhibi-
tors in periopathogenic LPS-induced experi-
mental alveolar bone loss using a rat model, 
two simultaneous doses of SD-282 (15 or 
45 mg/kg), a small molecule inhibitor of p38α, 
were administered twice daily by oral gavage 
for 8 weeks. Bone area and volumetric analysis 
by μCT indicated significant bone volume loss 
with LPS treatment, but these endpoints were 
partially inhibited with both doses of the p38 
inhibitor (see Fig. 5.3). Histological examina-
tion indicated significantly fewer osteoclasts 
adjacent to the areas of active bone resorption, 
including the periodontal ligament area, and a 
significant decrease in IL-6, IL-1β, and TNF-α 
expression in p38 inhibitor- treated groups 
compared with LPS groups by immunostain-
ing. This proof-of-principle study supports the 
role of an orally active p38α MAPK inhibitor 
(SD-282) to potentially benefit LPS- induced 
alveolar bone loss.

Clinically, one primary therapeutic goal is to 
prevent further advancement of alveolar bone 
loss. Thus, in a follow-up study with the orally 
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Fig. 5.3 A. actinomycetemcomitans LPS induces signifi-
cant linear bone loss which is blocked by a p38 MAPK 
inhibitor. (a) Reformatted μCT isoform display from 
8 weeks A. actinomycetemcomitans LPS-injected rat max-
illae exhibits dramatic palatal and interproximal bone 
loss. Landmarks used for linear measurements were the 
cementoenamel junction (CEJ) to the alveolar bone crest 
(ABC). Differences between these anatomical locations 
using defined locations of 2-D displays determined alveo-
lar bone loss. (b) Linear bone loss as measured from the 
CEF to AB (Mean  ±  SEM). Significant bone loss 
(p < 0.01) was observed between control (n = 6) and A. 
actinomycetemcomitans LPS-injected rats (n  =  12). 
Significant reduction of LPS-induced periodontal bone 
loss (∗∗p < 0.01 for SD-282, a p38 inhibitor, [15 mg/kg; 
n = 8] and ∗p < 0.05 for SD-282 [45 mg/kg; n = 8]) [69]. 
Reproduced with permission [69]
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active p38 inhibitor, a different model was used 
once experimental periodontitis was established 
[70]. The periodontal disease state was estab-
lished by LPS injections to the palatal molar gin-
giva three times per week for 4 weeks. The p38α 
MAPK inhibitor SD282 (45 mg/kg) was admin-
istrated from weeks 5 through 8 via oral gavage 
with the continuation of the LPS injections. The 
data from this study revealed that treatment with 
an orally active p38 MAPK inhibitor stopped the 
established periodontal disease progression 
in vivo and decreased inflammatory cytokine (IL- 
1β, TNF-α) expression and osteoclastogenesis. 
Interestingly, in this study, p38 MAPK inhibitor 
had a slight anabolic effect on the alveolar bone. 
The reasons for this are unclear, and may be due 
to a relatively high suppression of osteoclasto-
genesis without compensatory cessation of osteo-
blastic differentiation. Conceptually, this makes 
p38 inhibitor strategies appealing as a host- 
modulating agent for the treatment of periodonti-
tis because physiologic bone turnover would 
occur, but inflammatory bone loss (induced by 
LPS, IL-1β, and TNFα) would be pharmacologi-
cally antagonized.

Collectively, these data highlight the thera-
peutic potential of this novel class of inhibitors in 
bacterial-induced alveolar bone loss—the hall-
mark of periodontitis, but developing p38 inhibi-
tors as a therapeutics in clinical settings have 
failed due to unacceptable safety profiles, central 
role for activation of various downstream kinases 
and transcription factors, ubiquitous expression, 
toxicity, significant off-target effects, and lack of 
oral bioavailability [71]. Preclinical and clinical 
side effects include hepatotoxicity, cardiotoxic-
ity, light-headedness, central nervous system tox-
icities, skin rash, gastrointestinal tract symptoms, 
and bacterial infections. To date, no p38 inhibi-
tors have been approved by the Food and Drug 
Administration for any clinical usage.

Due to the concerns about p38 inhibitors indi-
cated above, targeting downstream substrates of 
p38 MAPK and factors that regulate transcrip-
tion, nuclear export, mRNA stability, and transla-
tion could be a promising therapeutic alternative 
for inhibiting inflammatory gene expression to 
treat various inflammatory diseases. As a direct 

substrate of the stress-activated MAPK p38α and 
β [72], MAPK-activated protein kinase 2 
(MAPKAPK-2, MK2) is regulated exclusively 
by p38α/β [72].

Targeting MK2 should be a more specific tar-
get than p38, with potentially fewer side effects, 
because MK2 acts on a more limited downstream 
substrate repertoire compared to p38. Importantly, 
MK2-deficient mice are viable with a normal 
phenotype [73, 74]. Therefore, there has been 
much research exploiting MK2 as a molecular 
target for the development of experimental thera-
peutics for the number of conditions such as RA, 
Alzheimer’s disease, atherosclerosis, and cancer. 
As periodontal disease has remarkably similar 
inflammatory pathways and mediator profiles 
with other inflammatory diseases [3, 75, 76], it is 
reasonable to anticipate that MK2 would be an 
attractive and potentially selective target for the 
treatment of periodontitis. However, targeting 
MK2 with small molecular inhibitors is complex 
and difficult because of the relatively planar ATP 
binding site of this critical MAPK.

In our study, we hypothesized that silencing 
MK2 through an RNAi strategy would provide a 
novel anti-inflammatory target that selectively 
blocks signaling mechanisms needed for 
enhanced cytokine mRNA stability/translation in 
periodontitis progression. First, we validated 
MK2 silencing in cytokine production in vitro to 
evaluate the feasibility of choosing MK2, instead 
of p38, as a highly specific and potent drug can-
didate. Our data clearly showed that LPS-induced 
IL-6 expression was significantly attenuated, 
both at the mRNA and protein levels, a result 
consistent with previous observations in MK2−/− 
mice [73, 77]. We observed that MK2 siRNA 
delivery significantly reduced TNFα mRNA and 
protein expression. The role of MK2 in the regu-
lation of LPS-induced inflammatory cytokine 
gene expression is further confirmed by signifi-
cant reductions of mRNA expression for COX-2, 
IL-1β, and the chemokine CXCL1 in cells trans-
fected with MK2 siRNA.  MK2 siRNA gene 
knockdown changed the activation of JNK and 
ERK MAPKs without obvious phospho-p38 
expression variation, suggesting the existence of 
crosstalk and compensatory mechanisms and 
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underscoring the complexities of Toll-like recep-
tor signaling pathways. Secondly, in vivo studies 
employed the rat LPS-induced experimental peri-
odontitis model to further elucidate the role of 
MK2  in the pathogenesis of periodontitis and 
evaluate the therapeutic potential by targeting 
MK2 employing an RNAi strategy in periodontal 
disease. The protection of MK2 siRNA from 
alveolar bone loss in LPS-induced periodontitis 
model was further verified by μCT analysis (see 
Fig.  5.4; [52]). Histological examination dis-
played MK2 siRNA in vivo delivery attenuated 
the inflammatory infiltrate associated with A. 
actinomycetemcomitans LPS-induced bone loss. 
This is consistent with the decrease of osteoclast 
formation after MK2 silencing. In conclusion, 
with an RNAi strategy, our recent work validated 
that MK2 plays a role in a preventive model of 
experimental periodontitis, suggesting a novel 
target for controlling periodontal inflammation.

With regards to infection, although MK2 defi-
ciency attenuated A. actinomycetimcomitans- 
induced calvarial inflammation and bone loss, it 
did not enhance growth or colonization of A. acti-
nomycetemcomitans. Additional studies from our 
group have shown that although macrophage traf-
ficking to the site of infection is diminished through 
local chemokine expression alterations, the ability 
to kill bacteria in an experimental calvarial infec-
tion model was evident in MK2- deficient mice 
[78]. It should be noted that during the manage-
ment of our mouse colony we observed that MK2-
deficient mice were no more susceptible to natural 
death than WT mice living in the same specific 
pathogen-free environment. Taken together, tar-
geted inhibition of MK2  in disease pathogenesis 
could partially downregulate RANKL, osteoclast 
formation, bone loss, and inflammation without 
promoting susceptibility of the host.

5.5  Therapeutic Targeting 
of MKP-1 Signaling 
in Periodontal Disease

As MAPKs are activated by phosphorylation of 
critical tyrosine, serine or threonine residues, 
negative regulation of MAPK activity is medi-

ated by the MAPK phosphatases (MKPs) that 
dephosphorylate these functional residues [79]. 
Early studies conducted using cultured immortal-
ized macrophages provided compelling evidence 
that MKP-1 attenuates TNF-α and IL-6 after LPS 
stimulation [80–82]. MKP-1 functions as a feed-
back control mechanism, which governs the pro-
duction of pro-inflammatory cytokines by 
deactivating p38 and JNK, thereby limiting pro- 
inflammatory cytokine biosynthesis in innate 
immune cells exposed to microbial components 
[80, 81, 83]. Consistent with in  vitro data, 
Dusp1/MKP-1 null mice had markedly more pro-
duction of pro-inflammatory cytokine TNFα, 
IL-6, and an anti-inflammatory cytokine IL-10 
compared with wild-type animals. Sustained p38 
and JNK activity in response to stress support the 
central role of MKP-1  in the restraint of the 
innate immune response and in the prevention of 
endotoxemia, experimentally induced autoim-
mune arthritis, septic shock syndrome, and multi- 
organ dysfunction during pathogenic microbial 
infection [82–86].

The critical role of the p38/MKP-1 axis of 
regulation on the innate immune response and in 
maintaining bone homeostasis has been clearly 
demonstrated. Moreover, as MKP-1 not only reg-
ulates p38 MAPK, but also JNK and ERK activi-
ties, overexpression of MKP-1 has potent 
capacity to prevent an exuberate immune 
response and osteoclastogenesis in response to 
stimuli compared with p38 MAPK inhibitors. 
Using gain- and loss-of-function approaches, the 
role and potential therapeutic target of MKP-1 in 
inflammatory bone loss was explored.

First, decreased IL-6 expression was observed 
in murine macrophage cell line RAW264.7 trans-
fected with expression vector containing MKP-1 
cDNA in pSRII-Flag. These data provided in 
macrophages support the role of MKP-1  in the 
negative regulation of A. actinomycetemcomitans 
LPS-induced p38 activation and IL-6 production 
[65]. In the experimental periodontitis model, 
wild type and Dusp1 null mice received A. acti-
nomycetemcomitans LPS injection in the palatal 
region or PBS control 3 times/week for 30 days. 
Results indicated that, in LPS-injected Dusp1−/− 
mice, significantly greater bone loss occurred 
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A.a. LPS 3 times/week for a period of 4 weeks

Causes ~40% bone loss by 4 weeks at maxillary molars (M1-M2)
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Fig. 5.4 Specific MK2 siRNA in vivo delivery silenced 
target gene expression and reduced LPS-induced bone 
loss. (a) A schematic showing overall experimental proto-
col. (b) MK2 mRNA expression in palate gingiva after 3 
and 5 times siRNA in vivo delivery. Results are expressed 
as mean  ±  SE (n  =  5 or 6 rats/group, ∗P  <  0.05).  

(c) Representative μCT images of rat maxillae from indi-
cated treatment groups. ROI for quantitative analysis is 
highlighted. (d) Volumetric analysis of bone loss levels.  
(e) Bone mineral density (BMD) analysis of bone loss lev-
els. (∗P < 0.05, ∗∗∗P < 0.001) [52]. Reproduced with per-
mission [52]
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with more inflammatory infiltrate in the peri-
odontal areas injected with LPS and a significant 
increase in osteoclastogenesis compared with 
Dusp1−/− control sites or either wild-type litter-
mates. Thus, MKP-1 displayed a protective 
response in a chronic model of inflammation and 
bone loss [65].

In gain-of-function experiments, MKP-1 was 
able to dephosphorylation all three MAPKs via 
MKP-1 gene transfer with recombinant adenovirus 
MKP-1 in rat macrophages. Ex vivo data indicated 
that in bone marrow macrophages transduced with 
an adenovirus containing the Dusp1/MKP-1 gene, 
both wild-type and Dusp1 null mice had a signifi-
cant decrease of IL-6, IL-10, TNFα, and select che-
mokine levels compared to LPS cultures [54]. In 
addition, bone marrow cultures from Dusp1 null 
mice exhibited significantly more osteoclastogen-
esis induced by LPS than when compared with WT 
mice. This observation correlated with more osteo-
clasts seen in bone marrow cells of MKP-1 KO 
mice compared with osteoclasts from WT mice in 

response to LPS stimuli. Furthermore, in  vivo 
MKP-1 gene transfer in an experimental periodon-
tal disease model attenuated bone resorption 
induced by LPS (see Fig. 5.5; [54]). Histological 
analysis confirmed that periodontal tissues trans-
duced with Ad. MKP-1 exhibited less infiltrated 
inflammatory cells, less osteoclasts, and less IL-6 
than compared with rats of control groups. 
Together, our studies indicate the importance of 
MKP-1 in the development of immune responses 
that contribute to LPS-induced alveolar bone loss. 
It can be used as a key therapeutic target to control 
inflammation-induced bone loss associated with 
increased MAPK activation.

Since no MAPK inhibitor is currently Food 
and Drug Administration (FDA)-approved, 
exploration toward the development of innova-
tive agents that would function to increase 
endogenous MKP-1 expression/function to act 
as a novel anti-inflammatory agent to reduce 
periodontal bone loss was initiated. While 
MKP-1 agonists have not been developed into 

PBSa LPS

HEPES HEPES

Ad.LacZ Ad.LacZ

Ad.MKP-1 Ad.MKP-1

Fig. 5.5 MKP-1 gene 
transfer alleviated bone 
resorption in rats after 
LPS challenge. 
Eight-week-old male 
Sprague-Dawley rats (17 
rats/group) were injected 
either Ad.MKP-1 or Ad. 
LacZ (1 × 109 pfu in 
4 μL), or HEPES 
buffered saline (4 μL). 
48 h after the adenovirus 
injection, the rats were 
injected with 2 μL of 
either 20 μg of LPS 
(from A. 
actinomycetemcomitans) 
or PBS 3 times a week 
for 4 weeks. (a) 
Representative 
microcomputed 
tomography images of 
rat maxillae from 
indicated treatment 
groups. (b) Volumetric 
analysis of bone loss 
levels (n = 7 for PBS 
groups, n = 10 for LPS 
groups, ∗p < 0.05); [54]. 
Reproduced with 
permission [54]
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FDA- approved therapeutics, there are a few 
agents that are FDA-approved that harbor 
MKP-1 agonist properties [87]. Auranofin is a 
well-established disease-modifying antirheu-
matic drug (DMARD) that never had a known 
mechanism of action until more recently when 
it was shown to induce MKP-1 expression [87]. 
Nanomedicine in dentistry has utilized many 
materials (e.g., polymeric, ceramic and metal-
lic, lipids, liposomes, dendrimers, and hybrid 
systems with coatings) to deliver numerous 
therapeutics, including those locally into the 
periodontal sulcus [88–97]. Our innovative 
approach uses an encapsulation strategy to 

package Auranofin into a nanoparticle (NP) 
drug delivery system. NPs used in this system 
selectively target phagocytic cells [98] and 
thus will have a better potential to reduce cyto-
kine inflammation in the periodontal tissues 
(Fig. 5.6). Thus, nanotechnology-driven thera-
peutic delivery strategies were explored to re- 
integrate Auranofin into a locally delivered 
agent for the adjuvant treatment of chronic 
periodontitis [99]. The data show that 
Auranofin, a well- established DMARD agent, 
can be functionally loaded into PLA-PEG 
nanoparticles to control periodontal inflamma-
tion and prevent experimental periodontal bone 
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interest (ROI) defined by the boxed area. (b) Volumetric 
analysis of bone loss levels (n = 7 for PBS groups, n = 10 
for LPS groups, ∗p < 0.05, †p < 0.01). Reproduced with 
permission [99]
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loss. Optimization of these types of reservoir 
delivery systems, including drug-loaded 
nanoparticles, may provide a highly important 
treatment modality which can be tailored to 
suit the needs of this periodontal treatment. 
Using this type of nanoparticle delivery sys-
tem, it is speculated that clinical use of ARN-
NPs would potentially be able to help control 
periodontal inflammation clinically to reduce 
inflammation-related alveolar bone loss.

5.6  Conclusion

Adjuvant therapies for periodontitis that modu-
late the immune response have been around for 
decades. Many of these therapies target host 
enzymes that destroy tissues, such as doxycy-
cline inhibition of matrix metalloproteinases, 
or nonsteroidal anti-inflammatory drugs 
(NSAIDs) that target cyclooxygenase (COX)-2 
[100]. Other agents that would be predicted to 
be potent anti- resorptive agents, including 
bisphosphonates or others that target receptor 
activator of nuclear factor-κB-ligand 
(RANKL), have potential therapeutic applica-
tion in the treatment of periodontal diseases, 
but carry oral side effects including osteone-
crosis of the jaw. Thus, there is a need for the 
development of new adjuvants that would tar-
get multiple cytokines, chemokines, and 
enzymes locally to manage chronic periodonti-
tis without debilitating side effects. This chap-
ter describes new emerging translational 
knowledge suggesting that agents targeting the 
MAPK/MKP signaling axis, common to mul-
tiple inflammatory targets, represent the next 
generation of rationally designed profession-
ally applied therapeutics to manage chronic 
periodontitis.
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6.1  Introduction

Periodontitis is one of the most prevalent inflam-
matory diseases worldwide [1]. It involves an 
imbalanced relationship between local microbial 
communities and the host immune response 

resulting in the destruction of tooth supportive 
structures [2]. This inflammatory disease might 
lead to tooth loss, masticatory dysfunction, and 
potentially modify the course of systemic dis-
eases, leading to a decrease in the quality of life 
of patients [2–5]. This common pathology and its 
consequences have become a considerable eco-
nomic burden and a public health problem [5, 6].

The treatment of periodontitis has been 
mainly focused on decreasing the tooth adherent 
bacterial load and surgically modifying local 
factors that contribute to the increase of the 
microbial burden. However, this treatment does 
not directly tackle the dysregulated inflamma-
tory host response to that microbial challenge 
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[7, 8]. These standard therapeutic approaches 
are not useful for all patients, and approximately 
20–25% of subjects with advanced stages of 
periodontitis continue to have disease progres-
sion and tooth loss after appropriate treatment 
and supportive therapy [8–13]. This evidence 
has reinforced the need for further interrogation 
of periodontitis pathogenesis with the intent to 
identify disease- driving mechanisms and poten-
tially reveal biologically supported therapeutic 
targets.

The investigation of periodontitis pathogen-
esis has revealed that the immune response and 
inflammation play a vital role in the destructive 
events that characterize this disease [14, 15]. 
Indeed, immune cells, such as CD4+ T cells, 
have been described as a significant component 
of the inflammatory infiltrate in the periodonti-
tis lesion [16–20]. Furthermore, mechanistic 
studies have suggested that CD4+ T cells are 
necessary for the progression of alveolar bone 
destruction during periodontal disease [21–23]. 
Among the CD4+ T helper (Th) cell subsets, 
Th17 cells and their signature cytokine inter-
leukin-17A (IL-17A or IL-17) have been 
recently identified as drivers of periodontitis 
immunopathology becoming a plausible thera-
peutic target for periodontal immunopathology 
modulation [24, 25].

6.2  Interleukin-17: A Cytokine 
with Critical Functions 
in Mucosal Immunity 
and Inflammation

IL-17A is the first described member of the six 
cytokines (IL-17A to IL-17F) that compose the 
IL-17 family [26]. This cytokine has been posi-
tively correlated with clinical parameters of peri-
odontal tissue destruction and, in more recent 
work, it has been shown to play a crucial role in 
inflammatory alveolar bone loss [27–29].

IL-17 receptor (IL-17R) family contains five 
members (from IL-17RA to IL-17RE) with 
IL-17RA and IL-17RC being necessary for 
IL-17A signaling. Activation of IL-17R triggers 

intracellular signals that elicit gene transcription 
and will initiate distinct biologic functions 
depending on the cell type, with different 
responses seen in stromal compared to hemato-
poietic cells [26, 30].

IL-17A is not a potent inducer of inflamma-
tion by itself, but it can act in synergy with sev-
eral pro-inflammatory cytokines. It is well 
established that IL-17A stabilizes tumor necrosis 
factor-α (TNF-α) mRNA transcripts and cooper-
ates with lymphotoxin, interferon-γ (IFN-γ), and 
IL-22 [26, 30–32]. Furthermore, IL-17A pro-
motes the secretion of cytokines that help to 
maintain and increase the numbers of IL-17- 
producing cells, such as IL-1β, IL-6, IL-23, and 
TNF-α, creating a cytokine environment that 
helps to maintain a robust and sustained IL-17 
response [31, 32].

The primary physiologic role of IL-17A is to 
mediate host defense against extracellular bacte-
ria and fungi [33–35] and to regulate barrier 
integrity [36]. Studies in patients with genetic 
defects in the Th17/IL-17 axis have demonstrated 
severe dysbiosis of oral fungal and bacterial com-
munities and recurrent oral Candida infections, 
indicating a critical role of this axis for oral 
immunity [34, 37–39]. In this homeostatic and 
protective context, IL-17A activates the expres-
sion of antimicrobial-proteins like β-defensins, 
S100 proteins, and lipocalin-2 [26]. Also, IL-17A 
promotes epithelial integrity in the mucosa of the 
lower gastrointestinal tract, regulating the pro-
duction and cellular localization of tight-junction 
proteins claudin and occludin, stabilizing epithe-
lial cell connections and limiting permeability 
during epithelial injuries [26, 31, 32, 36]. Other 
protective functions of IL-17A include the 
recruitment of immune cells to control invading 
microbes, with the induction of neutrophil 
recruitment as the hallmark role for this cytokine. 
To mediate this function, IL-17A stimulates the 
production of granulopoietic factors such as 
granulocyte colony-stimulating factor (G-CSF) 
and granulocyte-macrophage colony-stimulating 
factor (GM-CSF) and chemokines such as CCL2, 
CXCL1, CXCL5, and CXCL8 which attract neu-
trophils to the infection site [31, 40]. Additionally, 
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IL-17A promotes CCL-20 expression which 
recruits IL-17-producing immune cells such as 
innate lymphoid cells (ILCs) and Th17 cells. 
IL-17-mediated cell recruitment is also enhanced 
by the induction of several matrix metallopro-
teinases (MMPs) including MMP-1, -2, -3, -8, -9, 
and -13 and by the stimulation of cyclooxygenase 
COX-2 which enhances cell migration through 
PGE2 production [41–43]. It is this ability to 
recruit immune cells that make the IL-17- 
mediated response not only beneficial but poten-
tially detrimental during pathology.

Inflammatory and autoimmune diseases such 
as rheumatoid arthritis (RA), type 1 diabetes, 
multiple sclerosis (MS), inflammatory bowel dis-
eases (IBD), psoriasis, ankylosis spondylitis 
(AS), and periodontitis have been associated with 
increased levels of IL-17A and accumulation of 
IL-17A-secreting cells [26, 30, 31]. Likewise, 
genome-wide association studies (GWAS) have 
linked single nucleotide polymorphisms (SNPs) 
in genes of the IL-17A pathway with auto- 
immune diseases such as psoriasis and Crohn’s 
disease (CD) [44, 45]. Inhibition of the cytokine 
IL-17A and its upstream mediator IL-23 are now 
the first-line treatment for chronic autoimmune/
inflammatory diseases such as psoriasis, psoriatic 
arthritis, ankylosis spondylitis, and CD as we fur-
ther discuss below.

6.3  Th17 Cell Differentiation

The original description of Th cell functionality 
involved two main effector subsets, the Th1 and 
Th2 cells. Th1 were characterized by IFN-γ pro-
duction and have a prominent role in the eradica-
tion of intracellular pathogens. On the other 
hand, Th2 secrete IL-4, IL-5, and IL-13 and have 
evolved to contribute to the elimination of para-
sitic infections [46]. In this dichotomic descrip-
tion of effector Th cells, the function of CD4+ T 
cells in infections caused by extracellular patho-
gens and fungi was not fully explained. This 
knowledge gap was filled 20  years later when 
Th17 cells were described and added to the CD4+ 
T effector cells repertoire [47].

Th17 cells are characterized by secretion of 
IL-17A, IL-17F, IL-22, and GM-CSF, targeting 
epithelial and other stromal cells as well as 
inducing the recruitment of granulocytes and 
enhancing the activation of monocytes [48, 49]. 
As one of the primary sources of IL-17A, the 
Th17 cell function is tightly associated with this 
cytokine. Immune regulation at barrier sites, 
neutrophil and other immune cell recruitment 
and promotion of epithelial integrity are also 
part of the Th17 physiologic function. Likewise, 
the pathologic function of these cells has been 
associated and implicated in the pathogenesis of 
inflammatory diseases such as RA, psoriasis, 
IBD, Sjögren’s syndrome, and periodontitis [24, 
25, 35, 47–50].

Differentiation of Th17 cells from a naïve T 
cell involves T-cell receptor (TCR) activation, 
co- stimulatory molecules, and the appropriate 
surrounding cytokine milieu. This pro-Th17 
cytokine environment can be composed of 
transforming growth factor-β (TGF-β), IL-1β, 
IL-6, and IL-23 [47–50]. Indeed, studies sug-
gest that Th17 cells differentiated under a dif-
ferent cytokine milieu (i.e., TGF-β  +  IL-6 or 
IL-1 + IL-6 + IL-23) appear to be functionally 
and transcriptionally distinct. These differ-
ences in the cytokine microenvironment might 
also explain whether Th17 cells are pathogenic 
or non-pathogenic in terms of inducing disease 
[49, 51].

Regulation of Th17 differentiation is to a great 
extent driven by the transcription factors signal 
transducer and activator of transcription-3 
(STAT3) and the orphan nuclear receptor RORγt 
[52, 53]. Patients with mutations in STAT3 or 
RORγt genes have impaired Th17 differentiation 
and disrupted immune responses against fungi 
and extracellular pathogens [34, 37, 54, 55].

The implication of Th17 cells in the pathology 
of devastating inflammatory diseases together 
with their tightly regulated differentiation pro-
cess has prompted the study of Th17 cell differ-
entiation mechanisms aiming to develop and then 
offer therapeutic alternatives to patients affected 
with these often-refractory inflammatory 
disorders.
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6.4  The Th17/IL-17 Axis 
in Periodontitis

As a barrier site, the oral cavity is exposed to a 
rich and diverse community of microorganisms 
as well as antigens from food and airborne parti-
cles [56–58]. How these diverse signals may 
modulate the Th17/IL-17 pathway in health and 
disease was not well understood until very 
recently [24, 35, 37, 56, 59].

Studies in our laboratory have revealed that 
the homeostatic regulation of Th17 cells at the 
oral/gingival barrier occurs in a commensal- 
independent manner. Germ-free mice have an 
undisturbed Th17 response, suggesting the par-
ticipation of microbiome-independent factors in 
the induction of this immune network. 
Furthermore, we determined that a critical trigger 
of this response is the damage that occurs physi-
ologically upon mastication [28]. In response to 
this gingival damage, epithelial cells produce 
IL-6 which is vital for Th17 generation at this 
site. This commensal-independent mechanism 
starkly contrasts with what has been observed in 
other barrier sites such as the lower gastrointesti-
nal (GI) tract and skin, where steady-state Th17 
cell development has been tied to colonization by 
commensal bacteria and dependent to other cyto-
kine signals such as IL-1β [60–62].

Unlike homeostatic oral Th17 cells, 
periodontitis- associated Th17 cell expansion 
relies on the local dysbiotic microbiome [24]. 
Indeed, our recent work has determined that 
changes in the balance of bacterial communities 
during periodontitis lead to Th17 cell expansion, 
which in turn triggers periodontal immunopa-
thology. This Th17 cell accumulation observed 
during periodontitis necessitates not only the 
cytokine IL-6 but also IL-23, underlining a dis-
tinct regulation of Th17 cells during health and 
periodontitis [24].

The fact that periodontitis and RA have simi-
lar pathological features and the crucial role of 
Th17/IL-17  in RA immunopathology sparked 
interest in the early 2000s in the study of this axis 
in periodontitis. Since then, the connection 
between IL-17/Th17 cells and periodontitis has 
been widely studied [35, 59, 63, 64]. Th17 cell 

accumulation and IL-17A overproduction have 
been reported in lesions of human periodontitis 
[24, 65, 66]. This cytokine and signature T-cell 
subset has been shown to positively correlate 
with clinical parameters of periodontal inflam-
mation and destruction [24]. In addition, an 
increase in IL-23 and other pro-inflammatory and 
osteoclastogenic mediators related with Th17, 
such as IL-6 and the receptor activator of nuclear 
factor κB ligand (RANKL), together with RORC 
gene (which encodes RORγt, “master switch” of 
Th17 differentiation), have also been linked with 
periodontal lesions [67–70]. Furthermore, 
Porphyromonas gingivalis, an oral bacteria asso-
ciated with dysbiotic microbial changes during 
periodontitis [71], has been shown to stimulate 
myeloid antigen-presenting cells to drive Th17 
polarization by the production of Th17-polarizing 
cytokines such as IL-1β, IL-6, and IL-23 [66]. 
Importantly, inflammatory resolution following 
the treatment of periodontal disease leads to a 
significant reduction of tissue levels of IL-17A 
and Th17-related cytokines compared to pre- 
treated tissues [72].

Work from our laboratory and colleagues on 
patients with genetic defects that predispose to 
periodontitis reveals additional mechanisms by 
which the IL-17/Th17 axis can become amplified 
in periodontitis. Studies in leukocyte adhesion 
deficiency-I (LAD-I), a rare genetic disorder due 
to mutations in CD18 (integrin β chain-2) which 
affects the adhesion and transmigration of neu-
trophils into tissues, have revealed the essential 
role of tissue neutrophils in the regulation of 
IL-23/Th17 axis [73, 74]. Patients with LAD-I 
typically present with aggressive and severe peri-
odontitis at an early age and often lose their entire 
dentition during teenage years, despite antibiotic 
treatment and standard of care dental cleanings 
[75, 76]. In the lesions of LAD-I periodontitis, 
we have documented increased levels of IL-23 
and IL-17A as well as IL-17A-dependent neutro-
phil factors and chemo-attractants [75]. It is pro-
posed that apoptosis of tissue neutrophils is 
essential for the downregulation of IL-23 
responses. Therefore, in LAD-I, IL-23/IL-17 
responses become unleashed in the absence of 
tissue neutrophils and cause significant 
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 immunopathology [74, 77]. Indeed, experimental 
models have demonstrated that aberrant IL-17 
responses are drivers of immunopathology in 
LAD-I [75].

Recently, the role of Th17 cells and IL-17A 
as drivers of periodontitis pathogenesis has 
also been established for common chronic 
forms of periodontitis. Studies led by our group 
and others have revealed that IL-17A protein 
neutralization and notably, genetic ablation or 
pharmacological inhibition of Th17 cells, 
diminishes bone loss in murine models of peri-
odontitis [24, 25, 27]. Similar results were 
observed in a human setting. Our studies in a 
unique patient cohort with a genetic defect in 
Th17 cell differentiation (autosomal- dominant 
hyper IgE syndrome patients) reveal decreased 
periodontal inflammation and bone loss in the 
setting of natural Th17 deficiency [24]. 
Collectively, these results underscore the cru-
cial role of Th17 and IL-17A in periodontitis 
pathogenesis and provide compelling evidence 
for a targeted therapeutic approach in 
periodontitis.

6.5  How Do IL-17A and Th17 
Cells Mediate Periodontitis 
Immunopathology?

There is limited mechanistic evidence of how the 
Th17/IL-17 axis drives inflammatory bone loss in 
periodontitis. However, hypotheses have been 
proposed based on the study of Th17/IL-17 axis 
in vitro and in other disease models.

It is well known that IL-17A induces the 
expression of MMPs in fibroblasts, epithelial 
cells, and endothelial cells, as well as RANKL 
expression in osteoblasts, a key factor for osteo-
clast differentiation and function [35, 43, 59, 78, 
79]. Indeed, the induction of RANKL on osteo-
blasts is necessary for IL-17A-mediated peri-
odontal bone loss [25]. All these mediators have 
also been associated with periodontitis, making 
the IL-17-RANKL and IL-17-MMPs relation a 
plausible hypothetical mechanism of tissue 
destruction mediated by the Th17/IL-17 axis dur-
ing periodontitis (Fig. 6.1).

Dysbiotic
microbiome

Antigen
presenting

cells

IL-23

Th17
amplification

IL-17A

Periodontal
tissue and

alveolar bone
destruction

Stimulates
osteoclastogenesis

Neutrophil
recruitment

Matrix
metalloproteinases

Fig. 6.1 Th17-IL-17-mediated periodontal immunopa-
thology (current thinking). Changes in the tooth- 
associated microbiome elicit IL-23 production by 
antigen-presenting cells (APC). IL-23 stimulates local 
amplification of Th17 cells in gingival tissues. 
Overproduction of IL-17A by Th17 leads to immunopa-
thology and periodontal bone loss via mechanisms which 
may involve neutrophil recruitment, macrophage activa-
tion, and upregulation of RANKL

6 The IL-17/Th17 Axis as a Therapeutic Target in Periodontitis



78

The second pathway by which IL-17/Th17 
may drive pathology is through neutrophil 
recruitment. As it was stated above, one of the 
critical functions of IL-17A is immune cell 
recruitment, particularly neutrophils [31]. 
These granulocytes are one of the dominant 
immune cell populations in the gingiva and 
play important antimicrobial roles at this site 
[56, 65]. These same mechanisms which are 
essential for homeostasis, when exaggerated 
might also be the culprits of damage and tissue 
destruction (Fig. 6.1) [74]. Associated with the 
increase in IL-17A and Th17 cells in periodon-
titis, neutrophils also accumulate in inflamed 
gingival tissues, posing a consistent threat to 
tissue integrity [24, 65, 74]. Indeed, we and 
others have demonstrated that a decrease in 
neutrophil numbers protects from bone loss in 
the inflammatory setting of experimental peri-
odontitis [24, 27].

Evidence from the experimental animal mod-
els has revealed the existence of pathogenic sub-
types of Th17 cells in the setting of inflammation 
and autoimmunity [80]. These pathogenic Th17 
cells are induced via a specific cytokine network 
which includes IL-23 (discussed above). They 
acquire additional characteristics and become 
pathogenic in the setting of disease. The cyto-
kine IL-23 has been uniquely connected to the 
induction of pathogenic Th17 cells in various 
settings [49, 80–83]. This cytokine is necessary 
for inflammation and autoimmunity develop-
ment, and its therapeutic targeting can inhibit 
the development and relapse of these conditions 
[83, 84]. IL-23 neutralization targets pathogenic 
sources of IL-17A, minimizes tissue inflamma-
tion, and leaves the protective function of 
IL-17A- producing cells intact [36]. Studies 
have demonstrated that IL-23-driven Th17 cells 
acquire a unique transcriptional program and 
co-produce cytokines that aid in their pathoge-
nicity such as GM-CSF, IFN-γ, and TGF-β 
among others [80, 85]. In periodontitis, a subset 
of Th17 cells has been shown to co-produce 
GM-CSF and IFN-γ; however, the pathogenic 
potential of this subpopulation has not been 
established [24].

6.6  Therapeutic Targeting 
of the Th17/IL-17 Axis

Advances in molecular biology and biochemistry 
have given us a detailed understanding of crucial 
immune receptors and cell activation. New tech-
nological tools have allowed for the production 
of therapeutic agents targeting cytokines, their 
receptors, and signaling pathways. Antibodies 
and small molecules against many immune fac-
tors have been approved for the treatment of dis-
eases such as RA and psoriasis. These agents 
have revolutionized the treatment of immune- 
mediated diseases, providing disease alleviation 
for numerous patients [86, 87].

The understanding of Th17 and IL-17A role in 
autoimmune diseases has ignited the develop-
ment of biological agents targeting that pathway. 
Antibodies against IL-17A, IL-17RA, and IL-23 
have been approved in the U.S. Food and Drug 
Administration (FDA) for the treatment of plaque 
psoriasis, psoriatic arthritis, and Crohn’s disease 
[51, 88]. Additional efforts have also concen-
trated on the study of low molecular weight com-
pounds targeting intracellular factors key for 
Th17 differentiation and expansion [49, 50].

Monoclonal antibodies directed against the 
IL-17A cytokine itself (secukinumab and ixeki-
zumab) and its receptor IL-17RA (brodalumab) 
have demonstrated to be effective in plaque pso-
riasis treatment (Fig.  6.2). Indeed, 30–60% of 
patients treated with these agents showed 100% 
disease clearance in the Psoriasis Activity and 
Severity Index (PASI) [89, 90]. Secukinumab and 
ixekizumab have been FDA-approved for the 
treatment of psoriatic arthritis, and brodalumab is 
currently under evaluation [89]. Additionally, 
secukinumab has demonstrated significant reduc-
tions in the clinical signs and symptoms of anky-
losing spondylitis [91]. In contrast with those 
results, mixed responses to IL-17A treatment in 
RA patients have been reported [92, 93] and in 
patients with IBD the administration of anti-IL- 
17A has not only failed to improve disease symp-
toms, but it has also increased disease activity 
[94]. The most common adverse effects of 
these  treatments include nasopharyngitis, upper 
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 respiratory tract infections, mucocutaneous 
 candidiasis, transient neutropenia, and injection 
site reactions [89]. These adverse effects, while 
mild do emphasize the dichotomous role of 
IL-17A in the human immune response: on one 
side driving inflammation and the other provid-
ing protection against infection and integrity to 
barrier sites [30].

Based on the concept that there are diverse 
cellular sources of IL-17A, both homeostatic and 

pathogenic, and that distinct cytokine signals will 
support the induction of pathogenic Th17 cells, it 
has been suggested that targeting the Th17 cell 
subset itself might provide better clinical efficacy 
compared to targeting the IL-17A cytokine [50]. 
Consistent with this idea, ustekinumab, an inhibi-
tor of the p40 subunit that is shared by IL-23 and 
IL-12, is currently FDA-approved for the treat-
ment of psoriasis and psoriatic arthritis and has 
shown to have efficacy in the treatment for 
Crohn’s disease (Fig. 6.2) [95]. Additionally, sev-
eral antagonists against the IL-23p19 subunit 
(which inhibits only IL-23 without disrupting 
IL-12) are being studied for the treatment of pso-
riasis and other diseases [88, 89]. Recently, the 
two IL-23p19 antibodies guselkumab and til-
drakizumab received FDA approval for the treat-
ment of moderate to severe plaque psoriasis 
(Fig.  6.2). Head-to-head trials of guselkumab 
versus ustekinumab and tildrakizumab versus 
etanercept (which targets TNF-α) demonstrated 
the superiority of these two anti-p19 biologics for 
psoriasis treatment [96, 97]. The adverse effects 
associated with the use of anti-p19 treatment 
include upper respiratory tract infections, naso-
pharyngitis, and headaches. Studies also demon-
strated that in contrast with what was observed 
upon anti- IL-17A treatment, mucocutaneous 
candidiasis was infrequent with IL-23 blockade 
[89]. This clinical observation could be explained 
by the fact that at least in oral mucosa, innate 
T-17-producing cells may be crucial homeostatic 
IL-17A producers at steady state which help to 
restrain Candida infection [24, 98].

In recent years, small molecules that target 
key intracellular molecules have also been stud-
ied for the treatment of autoimmune diseases. 
Compared to monoclonal antibody therapy, 
small-molecule treatment has a lower cost, oral 
bioavailability, and treatment discontinuation 
results in a rapid reversibility of its immunomod-
ulatory effects [86, 99]. Small molecules that tar-
get the Janus kinase (JAK) pathway have been 
FDA- approved for the treatment of RA and are 
under study for the treatment of other diseases 
like IBD and psoriasis [100, 101]. Several cyto-
kines employ JAKs to exert their effect; thus tar-
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Target cells

IL-17A IL-17A
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Fig. 6.2 Therapeutic targeting of the Th17/IL-17 axis. 
Schematic diagram depicting different targets and phar-
macologic inhibitors for the Th17/IL-17 axis. IL-23 
engagement with its receptor activates intracellular sig-
naling in CD4+ T cells contributing to Th17 differentiation 
and expression of RORγt and IL-17A production. IL-17A 
signals through its receptor inducing different responses 
(previously explained in Fig.  6.1) in target cells. Each 
number represents different biologics and small mole-
cules targeting the Th17/IL-17 axis. (1) p19 subunit inhib-
itors guselkumab and tildrakizumab. (2) p40 subunit 
inhibitor ustekinumab. (3) JAK inhibitors such as tofaci-
tinib and ruxolitinib. (4) STAT3 inhibitors. (5) RORγt 
inhibitors such as digoxin and GSK805. (6) IL-17A inhib-
itors secukinumab and ixekizumab. (7) IL-17RA inhibitor 
brodalumab. JAK Janus kinase, STAT3 signal transducer 
and activator of transcription-3
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geting these molecules inhibits a broad spectrum 
of cytokines, some of them critical for the Th17 
amplification observed during periodontitis such 
as IL-6 and IL-23 [100, 101]. Other cytokines, 
also associated with periodontal destruction such 
as IFN-γ and IL-21 [102, 103], utilize JAK mol-
ecules for their signaling, transforming JAK inhi-
bition in a plausible method to restrain Th17/
IL-17 overexpression and inflammatory pathol-
ogy observed in periodontitis (Fig. 6.2).

The inhibition of transcription factors key for 
Th17 development (RORγt and STAT3) by small 
molecules is also currently under study (Fig. 6.2) 
[49, 50, 104]. A RORγt inverse agonist has been 
used in preclinical models of psoriasis, IBD, 
arthritis, and EAE with favorable results [105]. 
From these compounds, digoxin which is used to 
treat various heart conditions was among the 
firsts described. This drug has been shown to 
inhibit Th17 differentiation in mice, ameliorating 
EAE and also delaying arthritis onset and sever-
ity [106, 107]. A modified digoxin molecule, not 
toxic for human T cells, has been shown to block 
human Th17 cell differentiation [106].

On the other hand, transient chemical inhibi-
tion of RORγt (using the GSK805 compound) 
has been effective in reducing IL-17A production 
by Th17 cells providing therapeutic benefit in 
murine models of intestinal inflammation. Also, 
this compound has also been found to be effec-
tive in reducing the frequency of Th17 cells iso-
lated from tissues of patients with IBD [108]. 
Two clinical trials for psoriasis treatment have 
been completed (NCT02548052 and 
NCT02555709); however, at the submission of 
this manuscript, the results of these trials have 
not been made public. Recently, our work has 
demonstrated that pharmacological inhibition of 
RORγt in murine models of periodontitis dimin-
ished alveolar bone destruction, illustrating that 
this mechanism is a plausible method to inhibit 
the accumulation of Th17 in gingival tissues and 
to restrain the damage produced by periodontitis 
immunopathology [24]. However, more evidence 
would be needed before establishing the use of 
these small molecule compounds by clinicians as 
another complementary therapeutic tool for peri-
odontal treatment.

6.7  Therapeutic Targeting 
of the Th17 Axis  
in Rare- Monogenic Forms 
of Periodontitis

To date, the Th17 axis has been therapeutically 
targeted in periodontitis, in a proof-of-concept 
study of a single patient with leukocyte adhesion 
deficiency-I-associated periodontitis. As dis-
cussed above, patients with LAD-I present with 
an aggressive form of periodontitis at an early 
age attributed to an excessive amplification of the 
IL-23/Th17 response [75, 76].

Based on critical observations in humans 
and preclinical studies in murine models, our 
group and collaborators considered the treat-
ment of a patient with LAD-I periodontitis, via 
inhibition of the IL-23/Th17 axis. This single 
LAD-I patient was treated with ustekinumab, 
an antibody that blocks the activity of both 
IL-23 and IL-12 (by targeting the common 
chain of these two cytokines, p40) [76, 95]. In 
this study, a 19-year-old man with severe peri-
odontitis, unresponsive to standard care and 
antibiotics, was treated with ustekinumab using 
the approved dose of this antibody for psoriasis 
(45 mg subcutaneously at baseline, at week 4, 
and every 12 weeks after that). This treatment 
resulted in a dramatic reduction of gingival 
inflammation. 3 weeks after the first injection, 
bleeding on probing was reduced to only 40% 
of the sites, as compared to 90% before 
ustekinumab treatment. Besides, gingival levels 
of IL-17A and IL-23 decreased to levels found 
in healthy gingiva. The inflammation and 
inflammatory-mediator levels remained low the 
entire time reported (14  months) and impor-
tantly the patient experienced no adverse events 
throughout this period [76].

This work suggested IL-23 mediated inflam-
mation as the driving force of LAD-I periodonti-
tis and became the impetus for further exploration 
of IL-23 blockade and Th17 cell modulation for 
the treatment of IL-17 overproduction in the oral 
mucosa and, particularly, at the gingival tissues. 
Based on this work, an interventional study has 
been initiated at the NIH hospital to treat LAD-1 
patients with ustekinumab (NCT03366142).
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However, it is essential to be cautious and not 
to make overreaching conclusions from a single 
case. Although clinical results from this case were 
promising both at the level of safety and efficacy, 
results from the clinical trial are necessary to fully 
assess the utility of IL-23 blockade for LAD-I 
related immunopathology. Furthermore, the 
safety and efficacy of Th17 blockade are undeter-
mined in common forms of periodontitis, yet the 
prospects of such treatments in humans now can 
be based on substantial biological evidence.

6.8  Conclusion

The evidence that standard therapeutic approaches 
do not resolve all clinical cases of periodontal dis-
ease [8–11] has highlighted the need for further 
interrogation of periodontitis pathogenesis with 
the intent to identify disease- driving mechanisms 
and potentially reveal biologically supported ther-
apeutic targets. The extensively documented 
expansion of IL-23/IL-17 responses during peri-
odontitis, the mechanistic evidence for a patho-
genic role of IL-17/Th17 axis in experimental 
periodontitis, the tremendous development of 
pharmacological targets of Th17 responses, and 
the preliminary evidence that Th17 inhibition is 
beneficial in rare forms of periodontitis [24, 27, 
28], provide a compelling basis to consider Th17 
inhibition as a promising therapeutic strategy in 
common forms of periodontitis.
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7.1  Introduction

There is a large body of classical periodontal lit-
erature that expounds the utility of non-surgical 
and surgical therapy in the treatment of periodon-
tal and now peri-implant diseases, the “perio- 
diseases.” They focus on the removal of the 
plaque biofilm and adjunctive tissue correction 
aimed at creating a stable periodontium that is 
more resistant to future disease progression. 
Multiple approaches have demonstrable success, 
non-surgical root planing, ultrasonic debride-
ment, surgical access flaps and full mouth 

debridement and all rely on follow-up appoint-
ments and adequate subsequent patient homecare 
to stabilize the health of the periodontium. 
Removal of predisposing factors such as amal-
gam overhangs, implant cement excess or poor 
crown margins, or cessation of risk contributing 
behaviors such as smoking or poor diabetic con-
trol are all needed. This review should be taken in 
the context of the full acceptance of all of these 
established methods of improving periodontal 
health and creating resistance to new disease: but 
this review seeks to take our thinking further and 
utilize current accepted paradigms regarding the 
etiology of the disease, the contributing host fac-
tors and using precision medicine-like approaches 
using our vast laboratory and animal-based 
knowledge of systems biology, molecular,  
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and –omics knowledge, to fashion new 
approaches. These new approaches need to be 
considered, tested and decisions on their utility 
reached, while maintaining the current proven 
techniques for the good of the patient. The new 
approaches considered here relate to the new par-
adigm that susceptibility to periodontal disease is 
more dependent on variations in host response 
rather than changes in the composition of the 
plaque biofilm. A relatively new approach is the 
reduction in inflammation using the resolvins 
which we will not address here as there already 
exist multiple thorough descriptions in the litera-
ture. Similarly, we will not address changing the 
oral microbiome using immunization or replace-
ment microbiome techniques, probiotics as these 
have similarly been addressed previously. We 
will address via examples, three techniques 
involving epigenetics, modifying the genome by 
changing genetic haplotypes or SNPs, and using 
CRISPR approaches to delete genes involved in 
the inflammatory response.

Microbial biofilm, quantity and composition 
and duration of exposure, in balance with a host 
response that is either resistant or over–sensitive, 
will determine the susceptibility to periodontitis 
and peri-implantitis. These are essentially chronic 
inflammatory reactions that are destructive to the 
host tissues. The term dysbiosis is currently in 
use and is defined here as the change in microbial 
flora from one that does not cause the host to 
over-react, to a flora that the host mounts a dis-
proportionate challenge to, and thus a destructive 
inflammatory host response ensues. There is 
interplay between the host and the microbial 
plaque biofilm and certain host’s genetic makeup 
invokes dysbiosis readily whereas other individu-
al’s host defenses may not result in the same 
chronic inflammatory destruction seen with the 
same microbial challenge. It is these hyper- 
inflammatory responders and their etiopatho-
genic make-up that we are considering modifying 
therapeutically in this review. Thus changing the 
innate or adaptive immune response could change 
the inflammatory response and thus change the 
course of the disease. We will present data and 
discussion on therapies: (1) that could enhance 
inflammation-related netosis; (2) reduce hyper- 

inflammation related to epigenetic modifications 
of innate immune receptors of periodontal tis-
sues; and (3) reduce hyper-inflammatory states 
caused by an IL-8 haplotype.

7.2  Modification of Netosis 
in Periodontal Disease 
as a Potential Therapy

Neutrophil extracellular trap (NET) formation is 
one of the key elements in many recently discov-
ered innate immune functions that have gained 
much appreciation due to its link to various types 
of pathogenic interactions and chronic inflamma-
tory and infective diseases. Periodontitis is one of 
the most prevalent chronic diseases in humans 
[1–4] and this disease serves as a model testing 
ground for discovering the molecular triggers for 
netosis and the design of therapies to either 
enhance or reduce netosis.

Numerous bacterial species have been 
reported to induce and be trapped by NETs, 
including periodontal pathogens [5–7]. F. nuclea-
tum is one of the most abundant species in the 
oral cavity of healthy and diseased individuals 
[8]. F. nucleatum has a role in the periodontitis- 
related biofilm, due to its remarkable adhesive 
and adaptative properties [9]. Also, it has an 
essential role in supporting the growth of various 
bacterial species [9–11]. Being a bridge bacte-
rium in the interaction between early and late oral 
colonizing bacteria, it is a key pathogen in the 
development of the dental plaque biofilm [11]. 
Thus, it is linked to various forms of periodontal 
diseases starting from mild gingivitis to advanced 
periodontitis [8, 12–14]. Consistent with previ-
ous observations, F. nucleatum (MOI 1:10) was 
able to form NETs which were clearly visible by 
fluorescence microscopy and SEM and thus we 
chose F. nucleatum as a model organism to 
 further investigate NET production and mecha-
nisms governing NET formation in vitro.

While the list of microbes and molecules 
capable of stimulating NET release is increasing, 
their induced response is not identical. Bacterial- 
host interaction elects different immune responses 
via a varied group of receptors and cytokines 
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[15]. By using qPCR arrays, custom designed to 
detect innate immune, apoptosis, and GPCR sig-
naling pathways, we sought to investigate which 
pathway is most likely related to F. nucleatum- 
induced NETosis. Interestingly, our data showed 
that F. nucleatum markedly upregulated NOD1 
and NOD2 in PMN during netosis, suggesting a 
key role for these receptors in NETosis. 
Furthermore, to determine if the upregulation of 
NOD1 and NOD1 receptors occurs with other 
bacterial stimulation, we challenged neutrophils 
with P. gingivalis and A. actinomycetemcomi-
tans. We found that between all groups, F. nuclea-
tum caused the most significant upregulation in 
NOD1 and NOD2. NOD1 and NOD2 receptors 
are the first NLRs reported as direct intracellular 
pattern-recognition receptors (PRRs) [16]. It has 
been shown that NLRs are necessary sensors of 
specific PAMPs. However, the mechanism by 
which NLRs detect the PAMPs remains poorly 
understood, and it is still unclear if they directly 
bind to PAMPs, or through adaptor proteins [17, 
18]. Given that NOD1 and NOD2 were signifi-
cantly increased when challenged with F. nuclea-
tum, we further analyzed the role of NOD1 and 
NOD2 receptors in NETosis.

The HL-60 cell line is commonly used for 
neutrophil studies. Using the CRISPR-Cas9 gene 
editing system we developed NOD1 and NOD2 
knockout HL-60 cell lines, for our experiments. 
When challenging NOD1 and NOD2 knockout 
HL-60 with F. nucleatum, the NET release was 
significantly reduced when compared to control 
cells. Quantification of histone-associated DNA 
fragments (H1, H2A, H2B, H3, and H4) in the 
cytoplasm of NOD1 knockout cells was signifi-
cantly reduced, but NOD2 knockout cells showed 
no significant changes compared to control. This 
indicates that NOD1 but not NOD2 is associated 
with histones release. In addition, staining with 
neutrophil elastase (NE) revealed that while F. 
nucleatum successfully induced NET formation 
in HL-60 wild-type cells, NOD-1 knockout 
HL-60 cells formed significantly less NETs. 
Thus, confirming that NOD1 and NOD2 recep-
tors play a role in the NET formation, with NOD1 
being more associated with histone release. 
Knowing the importance of NOD1 and NOD2 

receptors in NET formation, we further investi-
gated the downstream activation of these recep-
tors and its link to other essential NET-related 
proteins such as PAD4, MPO, and NE. Peptidyl- 
arginine deiminase enzymes (PAD4), catalyze 
protein transformation into peptidyl-citrulline in 
a Ca2+-dependent manner [19]. PAD4 citrullina-
tion of histones is essential for chromatin de- 
condensation as a crucial step for NETs formation 
[20]. Thus, we investigated the link between the 
PAD4 enzyme and NOD-like receptors. F. 
nucleatum successfully induced PAD4 activation 
and citrullination of histones as detected by 
immunostaining of Cit-H3 confirming the role 
for NOD1 and NOD2 in NETosis.

Treating neutrophils with the MDP ligand 
strongly upregulated NOD2 receptor transcrip-
tion, while C12-iEDAP ligand was insignificant 
in NOD1 upregulation. Both NOD1 and NOD2 
ligands significantly upregulated IL8 expression, 
indicating that despite the insignificant upregula-
tion of NOD1, its receptor activity was increased. 
Moreover, each bacterial species has a different 
combination of surface antigens that result in 
variations in the stimulation of host cells. The 
fact that F. nucleatum highly upregulates 
NOD1 in neutrophils illustrates that there might 
be a peptide other than that present in C12- 
iEDAP that is more specific to the peptidoglycan 
of F. nucleatum resulting in NOD1 activation. 
NOD1-specific inhibitor (ML130) significantly 
downregulate PAD4 activity while NOD2 inhibi-
tor (GSK717) had no significant results, confirm-
ing that only NOD1 is related to histones released 
via PAD4 activation. These data coincide with 
our findings in HL-60 knockout histones quanti-
fication. The citrullination of proteins by PAD 
enzymes is regulated at a transcriptional, transla-
tional, and activation levels [21]. We found that 
PAD4 activity significantly increased with NOD1 
ligand stimulation. Moreover, this increase in 
PAD4 activity was reduced when pretreated with 
NOD1 inhibitor. On the other hand, NOD2 stim-
ulation and inhibition had no significant effect on 
PAD4 enzymatic activity. Thus, confirming that 
NOD1 but not NOD2 regulated PAD4 at both 
transcriptional and translational levels in our 
experiments.
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By understanding the processes that governs 
the NET pathway, we can further understand 
their role in periodontal infection and disease. 
Furthermore, studying the pathways of NET for-
mation related to both oral and systemic health 
helps in understanding and targeting the proteins, 
such as PAD4 and NOD-1 and NOD-2, leading to 
NET-related diseases. In addition to NET’s role 
in restricting the spread of infection, there is a 
growing body of evidence that links NETosis and 
other various systemic disorders elucidating the 
importance of an efficient, non-invasive thera-
peutic modality.

7.3  Possible Novel Therapeutic 
Intervention Utilizing 
Netosis Manipulation

A drug therapy that controls the initiation of the 
NET pathway, focused on the NOD receptors or 
PAD4, could be exploited in treating NET-related 
diseases such as chronic inflammatory periodon-
tal diseases. The periodontal pocket provides an 
ideal niche to test such therapeutics given its 
accessibility, its relationship to inflamed tissue 
and the offending microbial biofilm and the avail-
ability of local delivery systems.

7.4  Epigenetic-Related 
Therapeutic Approaches 
and Future Perspectives

Evolutionarily epigenetic events provide homeo-
static control of gene regulation. However, in 
dysbiosis these changes might pose significant 
problems in inflammatory diseases. The studies 
that govern epigenetic changes may provide 
answers to periodontal disease onset and progres-
sion from the host perspective. Because of the 
onset, nature, and accessibility of this disease, 
periodontitis serves as an excellent inflammatory 
disease model to study epigenetics. The main 
caveat is that presently the epigenetic reprogram-
ming drugs are not target and site-specific; none-
theless, demethylating drugs such as 
5-Aza-2′-deoxycytidine (decitabine) could offer 

the reversal of methylated genes in the inflamma-
tory network. Further research is needed to iden-
tify drugs that could specifically demethylate 
DNA at a given loci. The clinically approved 
HDAC inhibitor, suberoylanili dehydroxamic 
acid (SAHA), suppresses class 1 and 2 HDACs. 
The inhibitor increases the acetylation of histone 
tails that unwinds the chromatin and induce gene 
expression. Histone methyltransferase inhibitor 
(HMTase) inhibits histone methyltransferase 
EZH2 and activates tumor suppressor gene 
expression including certain inflammatory genes. 
However, the systemic toxicity of HMTase is yet 
to be evaluated. Although many questions remain, 
DNA methylation and histone modifications are 
important targets for new drug development 
against periodontitis. Epidemiological studies 
and in vivo modeling of experimental periodonti-
tis can offer clues in understanding bacterial- 
induced disease-specific epigenetic changes in 
DNA methylation and/or histone modifications 
that could point toward novel therapeutic targets.

7.5  Epigenetic Reprogramming 
of Epithelial Cell TLR2 
Signaling by Porphyromonas 
gingivalis

Pathogen-mediated gain of epigenetic repro-
gramming in humans is recently being implicated 
in cancer and immune-mediated diseases. 
Periodontitis is an immune-mediated disease 
instigated by multiple biofilm pathogens includ-
ing Porphyromonas gingivalis that significantly 
possesses numerous virulence factors. The host 
innate immune system recognizes P. gingivalis 
mainly through TLR2 and TLR4. Nevertheless, 
P. gingivalis-induced epigenetic reprogramming 
remains to be elucidated. With this background, 
we sought to characterize P. gingivalis-induced 
epigenetic reprogramming in human gingival 
epithelial cells (HGECs), hypothesizing that epi-
genetic modifications by this bacterium at the 
chromatin level may induce periodontal disease 
susceptibility in humans. To perform this study 
we isolated HGECs from patients and character-
ized them based on their inflammatory responses 
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to P. gingivalis as “normal” (normal cytokine 
responders) “hypo-responsive” (diminished cyto-
kine responders). DNA was extracted from these 
cells and subjected to methylation-specific qPCR 
array for the TLR-related gene network. The 
“normal” cells were stimulated with P. gingivalis 
(MOI:5) for 30 min at 0, 4, 8, and 16 h time inter-
vals. After 48 h of last stimulation, the cells were 
split and repeated P. gingivalis stimulation cycle 
with or without 1 μM of 5-Aza-2′-deoxycytidine 
also known as decitabine (DNA methyltransfer-
ase inhibitor). After which, TLR2 promoter CpG 
methylation was determined by methylation- 
specific qPCR assay. DNA from healthy and 
periodontitis- affected tissue was subjected bisul-
fite sequencing to determine the extent of TLR2 
promoter CpG methylation. Time course P. gin-
givalis stimulation was done and the protein was 
subjected to immunoblot against various histone 
antibodies.

We were able to identify TLR2 promoter CpG 
hypermethylation in “hypo-responsive” cells. 
This methylation status was reversed by the use 
of decitabine restoring the TLR2 and pro- 
inflammatory cytokine expression. Interestingly, 
we observed the induction of TLR2 promoter 
CpG methylation by P. gingivalis in HGECs. 
Moreover, the tissue from periodontal sites 
showed sporadic TLR2 CpG methylation com-
pared to healthy sites as revealed by bisulfite 
sequencing. We also observed rapid histone mod-
ifications upon P. gingivalis stimulation in 
HGECs.

Our conclusions were that we were able to 
show previously unknown specific epigenetic 
reprogramming of epithelial chromatin by P. 
gingivalis that may contribute to periodontal 
disease susceptibility. Furthermore, we were 
able through the therapeutic use of decitabine, 
to remove the methyl groups (albeit not pre-
cisely and specifically), to restore cellular 
TLR2 function, and thus hypothetically to 
reduce susceptibility to periodontal disease 
[22, 23]. Clearly, this is early work but the 
promise in inflammation, infection, and cancer 
therapeutics of epigenetic correction needs to 
be thoroughly investigated particularly as a 
cancer preventive measure in sites with precan-

cerous lesions or suspected tendencies to 
develop cancer [23].

7.6  Modifying IL-8 Using CRISPR: 
Therapeutic Possibilities 
in Periodontal Disease

Interleukin-8 (IL-8) is a pro-inflammatory che-
mokine produced by cells such as epithelial cells, 
fibroblasts, endothelial cells, macrophages, lym-
phocytes, and mast cells upon exposure to the 
inflammatory milieu. IL-8 secretion leads to acti-
vation and migration of neutrophils from the 
peripheral blood to sites of infection that mani-
fest in the clearance of pathogens. Controlled 
induction of IL-8 is crucial in the maintenance of 
homeostatic balance. For example, elevated IL-8 
induction can lead to exacerbated inflammation 
in chronic inflammatory diseases [24]. On the 
contrary, inhibition of IL-8 secretion may delay 
neutrophil influx creating an advantage for patho-
gen survival leading to chronic infection. Elevated 
IL-8 expression has been attributed to a number 
of diseases such as chronic obstructive pulmo-
nary disease [24], hypertension [25], carcinogen-
esis [26]), idiopathic pulmonary fibrosis [27], 
and chronic periodontitis [28].

Previous studies have investigated the associa-
tion of single nucleotide polymorphisms (SNPs) 
with the level of IL-8 gene expression [29]. The 
SNP rs4073 (alias −251) in the IL-8 gene has 
been considered functional, since the −251A 
allele was related to higher levels of IL-8 produc-
tion in vitro, after stimulation with lipopolysac-
charide and cytokines [30]. This agrees with the 
finding that the AA genotype of −251 SNP in the 
IL-8 gene was associated with greater IL-8 
mRNA expression [31]. However, another study 
demonstrated that the TA genotype in this −251 
SNP was associated with increased IL-8 mRNA 
levels [32].

Interleukin-8 (IL-8) gene polymorphisms 
have been considered as susceptibility factors in 
periodontal disease [33, 34]. We have used the 
CRISPR/Cas9 system to engineer the IL-8 gene, 
and tested the functionality of different haplo-
types. Two sgRNA vectors targeting the IL-8 
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gene and the naked homologous repair DNA car-
rying different haplotypes were used to success-
fully generate HEK293T cells carrying the AT 
genotype at the first SNP—rs4073 (alias −251), 
TT genotype at the second SNP—rs2227307 
(alias +396), TC or CC genotypes at the third 
SNP—rs2227306 (alias +781) at the IL-8 locus. 
When stimulated with Poly I:C, ATC/TTC haplo-
type, cells significantly upregulated the IL-8 at 
both transcriptional and translational levels. To 
test whether ATC/TTC haplotype is functional, 
we used a trans-well assay to measure the trans-
migration of primary neutrophils incubated with 
supernatants from the Poly I:C stimulation exper-
iment. ATC/TTC haplotype cells significantly 
increased the transmigration of neutrophils con-
firming the functional role for this IL-8 
haplotype.

Interleukin-8 (IL-8) is considered an impor-
tant chemokine in periodontal disease. This cyto-
kine is produced by a variety of cells and may 
function in concert with other members of the 
cytokine family to regulate the host’s innate 
responses [1, 35]. Specifically, this cytokine 
attracts leukocytes from the periphery to the sites 
of infection and activates them to become phago-
cytes. Intra-cutaneous administration of IL-8 
in vivo induced local exudation and long-lasting 
accumulation of neutrophils [36]. Although there 
are other chemokines involved in neutrophil 
recruitment to the site of infection, IL-8 receptor 
knock-out mice showed delayed neutrophil influx 
into the kidneys and bladder and were unable to 
eliminate bacteria from the tissues [37]. This sug-
gests that IL-8 is indispensable for neutrophil 
migration and function. Neutrophil function is 
not only important in acute infections but also 
plays a major role in chronic inflammatory disor-
ders such as periodontitis, atherosclerosis, psori-
asis, rheumatoid arthritis, inflammatory bowel 
disease, diabetes, and cancer [38].

Recent meta-analyses showed a positive asso-
ciation of −251(T/A) polymorphism on IL-8 
gene to chronic periodontitis [39]. Few case- 
control studies have investigated different haplo-
types in the IL-8 gene that were found to be 
associated with periodontitis [40], such as the 
ATC/TTC haplotype whose carriers of this par-

ticular haplotype had two times higher disease 
susceptibility [41, 42]. In spite of this, the IL-8 
protein levels in the GCF of patients were not 
correlated to the carriage of ATC/TTC haplotype 
[43]. This absence of correlation could be attrib-
uted to the limited sample size in that study, 
besides the individuals with chronic periodontitis 
enrolled in that study were not affected by the 
severe and generalized disease forms.

Faced with the lack of functional assays [44], 
we hypothesized that an in vitro study with more 
controlled conditions could be able to detect the 
potential influence of different haplotypes in the 
IL-8 mRNA and protein levels. This present 
study demonstrated that the presence of ATC/
TTC haplotype can upregulate the IL-8  in both 
mRNA and protein levels. These higher IL-8 
mRNA and protein levels coupled with neutro-
phil migration could explain the lower periodon-
topathogens levels found in patients carrying the 
ATC/TTC haplotype [41, 42]. Also, high levels of 
IL-8 may increase the inflammatory and immune 
response and subsequent damage to the integrity 
of the periodontium. We think that the present 
findings could explain why the periodontal 
destruction may occur in patients who were con-
sidered to be genetically susceptible to chronic 
periodontitis with a lower microbial challenge 
because of the presence of the IL-8 ATC/TTC 
haplotype than in patients without it [40–42].

The same ATC/TTC haplotype was also 
shown to be associated with bronchial asthma, 
while the rs4073T > A SNP when tested alone 
did not show significant association [45]. Other 
studies reported a similar lack of association with 
chronic periodontitis when an SNP was analyzed 
individually, but when the haplotype was consid-
ered in the analysis, the association with the dis-
ease was revealed [46]. Therefore, these studies 
corroborate the idea that haplotypes are more 
powerful for the detection of disease association 
than individual polymorphisms and they may 
give more information on the basis of disease 
[46]. Despite the previously reported functional 
role of rs4073T  >  A SNP, a study by Hacking 
et  al. [47] failed to confirm this association. 
Hacking et al. and others suggested that the exis-
tence of another SNP (closer to rs4073T  >  A) 
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could play a role in modulating IL-8 gene expres-
sion [40].

Hence, we noticed in our study that the 
+781(C/T) SNP rs2227306  in the IL-8 gene 
seems to influence the IL-8 at both mRNA and 
protein levels, considering that the difference in 
the haplotypes analyzed here was related to the 
alleles in that position.

A study by Ahn et  al. [48], in patients with 
idiopathic pulmonary fibrosis (IPF), showed 
increased IL-8 levels in patients carrying the A 
allele at the rs4073T > A SNP. The authors used 
a luciferase assay to measure the activity and 
determined the level of IL-8  in the presence or 
absence of promoter SNP. They found increased 
luciferase activity in the presence of rs4073T > A 
SNP on the promoter of IL-8 gene. The authors 
concluded that IL-8 promoter SNP may increase 
susceptibility to the development of IPF via the 
upregulation of IL-8 [48]. By using a similar 
reporter vector system, Meade et al. [49], investi-
gated bovine IL-8 promoter haplotypes in vitro. 
The authors found that the luciferase promoter 
carrying one of the haplotype IL-8-h2 (C–GTAC) 
highly upregulated luciferase activity upon LPS 
and TNF stimulation confirming SNP functional-
ity and suggesting a differential transcriptional 
factor binding to IL-8-h2 promoter (such as C/
EBP, Oct-1, NFκ B, and NFAT) [49]. Hacking 
et  al. [47] observed that C/EBPb (CCAAT/
enhancer binding protein-beta) bound to the tran-
scriptional complex in the presence of 
rs4073T > A allele in respiratory epithelial cells 
but not in primary lymphocyte cells suggesting 
cell-type specificity in transcriptional regulation 
[47]. Although the luciferase reporter assays is an 
accepted technique that can be used to test the 
functionality of SNP, we believe that it is an arti-
ficial system that does not contain complex regu-
latory elements found on the chromatin. To 
overcome this gap in the functional analysis of 
haplotypes and test our hypothesis, we adopted a 
novel technique called clustered regularly inter-
spaced short palindromic repeats (CRISPR) 
RNA-guided Cas9 nuclease system [50] to edit 
the IL-8 gene in human embryonic kidney cell 
line (HEK293T). This technology is currently a 
burning topic in the field of genome editing and 

an invaluable tool to engineer genomes of choice 
[51]. For generating IL-8 editing cell lines, we 
choose HEK293T cells as the model system as 
this cell line is commonly used with CRISPR/
Cas9 technology, making them a well-established 
model system to test the efficacy of RNA-guided 
endonucleases in gene editing [52]. With this 
technique, we were able to successfully edit the 
IL-8 gene within the HEK293T genome to carry 
different haplotypes with unprecedented preci-
sion and ease. Further, we were able to test the 
effect of different haplotypes in the IL-8 gene 
transcription, protein and also functionally evalu-
ate their ability in modulating neutrophil transmi-
gration. The methodology used for this purpose 
offers a simple and applicable framework for 
generating validated edited cell lines but also 
could be utilized therapeutically. Thus modifying 
the IL-8 haplotype by CRISPR, or other gene 
modifying techniques, could be performed 
locally to change susceptibility to periodontal 
disease and create a novel permanent therapeutic 
approach.

Taken together, our data provide evidence that 
carriage of the ATC/TTC haplotype in itself may 
increase the influx of neutrophils in inflammatory 
lesions and influence disease susceptibility. Thus 
using CRISPR or some other gene modifying 
technique, we can reduce the hyper-inflammatory 
effect of the IL-8 haplotypes associated with sus-
ceptibility to periodontal disease. In summary, 
our data demonstrate that the ATC/TTC in the 
IL-8 gene can have a positive outcome on the 
transcriptional and translational levels of the IL-8 
gene and thus may modulate neutrophil recruit-
ment at the site of infection. Because of the criti-
cal role neutrophils have in periodontal disease, it 
is plausible that IL-8 haplotypes could contribute 
to periodontal disease susceptibility and thus 
CRISPR could be utilized in periodontal 
therapy.

7.7  Conclusion

The backbone of periodontal therapy will 
always be the mechanical and chemical treat-
ment of the dental plaque biofilm, profession-
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ally and through home care preventive practices. 
Multiple advances have been made in both 
areas, whether it be the guided biofilm therapy 
that incorporates a system of ultrasonics and air 
polishing to remove offending biofilm and cal-
culus as needed, or the administration of chem-
ical antiseptic mouthwashes or antibiotics. 
Despite these advances and their wide adop-
tion, periodontitis and peri-implantitis are still 
highly prevalent and novel therapeutics focus-
ing on individual susceptibility have a place. 
This review has considered three such individ-
ual host response-related therapies that aim at 
modifying the host in a precision medicine like 
approach.

These new approaches need to be considered, 
tested and decisions on their utility reached, 
while maintaining the current proven techniques 
for the good of the patient. The new approaches 
considered here relate to the new paradigm that 
susceptibility to periodontal disease is more 
dependent on variations in host response rather 
than changes in the composition of the plaque 
biofilm. Thus we have introduced three examples 
covering epigenetic modifications and using 
CRISPR approaches to delete genes and or mod-
ify haplotypes involved in the inflammatory 
response.
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8.1  Cellular Senescence 
and Aging

Understanding the mechanisms that cause the 
progressive decline of cellular and tissue function 
is a clear strategy to enhance the quality of the 
aging process, as well as having the potential to 
extend the lifespan. Normal cells do not divide 
indefinitely due to replicative senescence [1–3]. 
Telomeres are the DNA and proteins that cap and 

stabilize the ends of linear chromosomes, pre-
venting their degradation, and the erosion of telo-
meres is a crucial mechanism responsible for the 
replicative senescence of mammalian cells [4, 5]. 
Multiple base pairs of telomeric DNA are lost 
with each cell cycle, and proliferating cells expe-
rience progressive telomere shortening. These 
eroded telomeres generate a persistent DNA 
damage response that initiates and maintains the 
senescence growth arrest [6–8]. Once the telo-
meres become critically short, they lose their 
function and signal normal cells to cease prolif-
eration with a characteristic senescent phenotype 
[4] (Fig. 8.1).

While cell division is essential for the survival 
of multicellular organisms that contain renewable 
tissues, replicative senescence is an example of a 
more general process, termed cellular senes-
cence, which arrests the growth of cells in 
response to many stimuli. Genomes are 
 continually damaged by environmental insults, 
oxidative metabolism, and, in dividing cells, 

J. L. Ebersole (*) 
Department of Biomedical Sciences, School  
of Dental Medicine, University of Nevada,  
Las Vegas, NV, USA 

Center for Oral Health Research,  
University of Kentucky, Lexington, KY, USA
e-mail: Jeffrey.ebersole@unlv.edu 

O. A. Gonzalez 
Center for Oral Health Research,  
University of Kentucky, Lexington, KY, USA 

Division of Periodontology, College of Dentistry, 
University of Kentucky, Lexington, KY, USA

8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-42990-4_8&domain=pdf
https://doi.org/10.1007/978-3-030-42990-4_8#DOI
mailto:Jeffrey.ebersole@unlv.edu


98

errors in DNA replication and mitosis. Depending 
on the level and type of damage, cells can attempt 
repair, or die [9, 10]. However, complex organ-
isms have evolved at least two cellular mecha-
nisms, apoptosis and cellular senescence, to 
suppress the proliferation of defective cells, often 
at risk for oncogenic transformation (Fig.  8.1). 
Whereas apoptosis kills and eliminates defective 
cells, cellular senescence irreversibly arrests their 
growth. Recent findings suggest a molecular 
complexity leading to the expression of a senes-
cent phenotype and, as such, have suggested 
other consequences of cellular senescence for 
multicellular organisms. Cellular senescence has 
a major role in various complex biological pro-
cesses, including tumor suppression/promotion, 

normal tissue repair, and altered cell and tissue 
functions in aging [11]. The majority of cell types 
that have the capacity to divide can undergo 
senescence when appropriately stimulated [12, 
13], as a physiological process that can be related 
to changes occurring at the cellular level of aging. 
Thus, cellular senescence, although useful in pre-
venting malignancy, appears to also promote 
aging processes.

It is now well recognized that the biology of 
aging is impacted by both environmental and 
genetic factors with accumulated DNA damage 
causing declines in function, and genetic makeup 
pre-disposing to variation in the rate of damage 
accumulation and rapidity of functional decline [14, 
15]. Senescence-inducing stimuli are  represented 
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Fig. 8.1 Schematic of cellular senescent pathway expressing in neoplastic development and aging. (Adapted from 
https://www.nestacertified.com/hallmarks-of-aging-role-of-glycation-part-7-cellular-senescence/)
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by a variety of stressors, including strong mitogenic 
signals, such as those delivered by certain onco-
genes or highly expressed pro- proliferative genes 
[16–19], DNA damage, and non-genotoxic chro-
matin perturbations that lead to a state of permanent 
cell cycle arrest [13]. Senescence can, thus, occur 
following a period of cellular proliferation or with a 
more rapid expression in response to acute stress. 
Once cells have entered senescence, they cease to 
divide and undergo a series of morphologic and 
metabolic changes. While cellular senescence is 
considered to be important in pathophysiologic 
control of cellular functions, detailed information 
on in vivo expression in various tissues remains to 
be elucidated. Recent studies have provided impor-
tant insights regarding the manner by which differ-
ent stressors/stimuli activate signaling pathways 
leading to senescence. Stress-induced senescence 
causes cells to initiate senescence prematurely and 
results from DNA damage, oxidative stress, inter-
feron (IFN)-related responses, with intracellular 
signaling through insulin growth factor (IGF) or 
mitogen-activated protein kinases (MAPK) [10, 
20]. Various exogenous agents, such as histone 
deacetylase inhibitors, relax chromatin and can acti-
vate DNA damage response proteins, including 
ataxia telangiectasia mutated (ATM) and the p53 
tumor suppressor [21], resulting in a senescence 
responses [22, 23]. These reports also indicated that 
growing cells appear to react to a combination of 
different physiologic stresses acting simultane-
ously, and subsequent signaling pathways activated 
by these stresses engage both p53 and retinoblas-
toma (Rb) proteins. The combined levels of activity 
of these two tumor suppressor proteins appear to 
determine whether cells enter senescence [16, 17, 
19]. The senescence program activates p53 and Rb 
signaling, redirecting the cells away from the nor-
mal cell cycle. Thus, senescence-inducing stimuli 
cause epigenomic disruption and genomic damage.

8.2  Aging and Periodontitis

Epidemiological data demonstrates clearly that 
periodontitis increases significantly in prevalence 
and severity with aging [24–26] and is dispropor-
tionately exhibited in racial/ethnic minority indi-

viduals and males, in individuals with various 
systemic diseases, related to socioeconomic sta-
tus, and even geographic location [27]. These 
findings are consistent with broader health data 
demonstrating that aging is accompanied by 
increased susceptibility to autoimmune, infec-
tious, and inflammatory diseases, including peri-
odontitis [28–32]. A recent review by Lamster 
[33] emphasizes the breadth of noncommunica-
ble diseases (NCD) across aging global popula-
tions with adverse impacts on oral health. Oral 
health management for improved population 
metrics will require a better integration of emerg-
ing knowledge on aging processes and therapies, 
and clinical decisions within the context of the 
breadth of the altered biophysiology of aging 
patients [34].

A paradigm in periodontal disease is the 
requirement for the subgingival microbial ecol-
ogy to trigger a chronic immunoinflammatory 
lesion with a range of host biomolecules con-
tributing to the tissue destruction that hallmarks 
the disease [35, 36]. This alteration in the char-
acter of the host responses has been suggested 
to result from changes in the quantity and qual-
ity of the microbial challenge that minimize 
protective responses and enhance the produc-
tion of mediators that can contribute to collat-
eral tissue damage in response to the microbial 
changes. Thus, decreased immunity in aging 
accompanied by increased chronic inflamma-
tion is thought to underpin the perception of 
periodontitis as a “disease of aging” suggesting 
that it represents an inexorable process with 
general population susceptibility [33, 37–39]. 
However, data are available that demonstrates a 
subset of the aging population that appear resis-
tant to this disease and an elevated prevalence 
of the elderly maintaining an essentially healthy 
oral cavity throughout the lifespan. These 
observations indicate that the clinical manisfes-
tation of periodontitis appear similar in paitnets 
whether the are 40 or 80 years of age. Thus, the 
underlying biologic processes leading to the 
disease that have been generally defined in a 
normal adult patient cohort, might also be 
reflected in disease in the aged patieint 
(Fig. 8.2).
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To more fully elucidate the effects of aging on 
the mucosal responses and periodontal milieu 
related to oral health and periodontitis, we con-
ducted an investigation using a nonhuman pri-
mate model of periodontitis that has extensive 
similarities in clinical, microbiological, and 
immunological features to human periodontitis 
[40–43]. This nonhuman primate (rhesus) model 
of periodontal infection and inflammation [40, 
43–45] is being used to document aging- 
associated gingival transcriptome and microbi-
ome changes to elucidate altered molecular 
pathways that could enhance risk for disease and/
or correlate with the disease initiation and pro-
gression. These studies are documenting the tran-
scriptome in gingival tissues, as a representative 
mucosal tissue, obtained from animals represent-
ing young individuals (approximately 10 year old 
humans) to aged individuals (approximately 
70–80-year-old humans). The transcriptome of 
aged gingival tissues in nonhuman primates 
exhibited significant differences in various innate 
and adaptive immune pathways that are critical 
for maintaining a symbiotic relationship with the 
oral microbiome and could predispose to micro-
bial dysbiosis and periodontitis (Fig.  8.3). We 
have identified significant differences in apopto-
sis pathway, inflammasome components, pattern 
recognition receptors, hypoxia responses, anti-
gen processing, osteoclast differentiation, and B 
cell, T cell, and macrophage features of gene 

expression profiles associated with aging, often 
even in healthy aged gingival tissues [46–57]. In 
particular, aging seems to enhance an anaerobic 
gingival environment coupled with an ability of 
gingival tissues/cells to sense and respond to 
microbes (in particular invasive pathogens) that 
appears to be critically compromised with aging. 
It is unclear at this point if these changes are 
related with specific cell types (epithelial cells, 
fibroblasts, immune cells) or is a general charac-
teristic for the entire periodontium. Thus, a story 
is evolving suggesting that gingival tissue charac-
teristics in aging are significantly different even 
in health and that these tissue alterations may 
presage the aging individual to an enhanced risk 
of destruction from the chronic periodontal infec-
tions (Age-altered susceptibility hypothesis, 
Fig. 8.2).

The analysis presented here hypothesized 
that the mucosal gingival tissues in aging ani-
mals demonstrated enhanced expression of 
genes reflective of cellular senescence in clini-
cally healthy tissues, reflecting an increased 
risk for infection and alterations in function 
accompanying inflammation. Moreover, genes 
representing this cellular pathway would be 
significantly enhanced in periodontitis tissues 
resulting from the chronic stressors of infection 
and the local immunoinflammatory lesion of 
the disease. Individual samples were used for 
gene expression analyses, and Table  8.1 pro-
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Fig. 8.2 Models of 
potential interactions of 
aging processes, 
inflammation, and 
periodontitis comparing 
a cumulative effect 
interpretation versus 
periodontitis being a 
reflection of patient- 
specific altered 
susceptibility occurring 
via combinations of 
genetics and 
environmental stressors. 
Adapted from 
Hajishengallis [120]
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vides a listing of the gene IDs (n = 103) included 
in this analysis. Figure 8.4 provides a heatmap 
description of the differences in cellular senes-
cence gene expression profiles across ages in 
healthy tissues. Compared to healthy adult tis-
sues, a set of genes were elevated or decreased 
in expression in even the healthy gingival tis-
sues from aged animals. Generally minimal dif-
ferences were observed in the expression of 
these genes in young or adolescent animals 
compared to the adult tissues. Fig.  8.4 also 
demonstrates a comparison of the cellular 
senescence genes in periodontitis tissues of 
adult and aged animals compared to healthy tis-
sues from the same age groups. The most obvi-

ous differences were a widespread increase in 
the expression of cellular senescence genes in 
periodontitis tissues from both adult and aged 
animals. We summarized these findings using a 
Principal Components Analysis with the data 
demonstrating the rather distinctive expression 
of cellular senescence genes in the healthy aged 
gingival tissues (Fig. 8.5a), and even more pro-
nounced separation of the aged periodontitis 
samples (Fig. 8.5b). The genes that were con-
tributing to this variation in health included 
14/17 primarily related to enhanced cellular 
senescence and with periodontitis; 13/14 gene 
transcripts were associated with enhanced cel-
lular senescence.
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Fig. 8.3 Overview of outcomes of reports from a nonhuman primate model of naturally occurring and ligature-induced 
periodontitis related to the gingival transcriptome and aging [46–56]

Table 8.1 Cellular senescence genes examined

ABL1 CDKN2C GSK3B MKK3/6 RBL1 TFAP2
AKT1 CDKN2D HSD17B12 MDM2 RBL2 TFDP1
ATM CHEK2 HRAS MORC3 RP3-398 TGFB1
ATMIN CITED2 ID1 MYC RRM2B TGFB1I1
BMI1 CIZ1 IFNG NAB1 SERPINB2 THBS1
CALR CLASPN IGF1 NFKB1 SIRT1 TP53
CCNA2 COL1A1 IGF1R NLGN4X SMAD3 TP53BP1
CCNB1 CREG1 IGFBP3 NONO SMAD4 TPT1
CCND1 DKKL1 IGFBP7 NOX4 SMOC1 TSP
CCNE1 E2F ING1 OCN SMU1 TWIST1
CD44 E2F1 IRF3 PAI-1 SOD1 uPA
CDC25C ETS1 IRF5 PCNA SOD2 VAMP3
CDK2 ETS2 IRF7 PIK3CA SPOCK2 VIM
CDK6 FBN KIAA0907 PM20D2 SPOCK3
CDKN1A FN1 MAPKAP1 PRKCD TBX2
CDKN1B GADD45A MAP2K1 PTIRM1 TBX3
CDKN2A GFI1B MAPK14 (p38) PTBP1 TERF2
CDKN2AIP GRM7 MAP2K3 RB1 TERT
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A KEGG (Kyoto Encyclopedia of Genes and 
Genomes) pathway analysis of the altered gene 
expression patterns is depicted in Fig. 8.6 high-
lighting the genes that were up- or down- regulated 
in gingival tissue samples with periodontitis. As 
can be noted the majority of genes related to the 
cellular senescence were up- regulated across 
multiple functional processes. Only the DNA 
damage response gene interactions showed a pre-
dilection for being down-regulated.

Thus, a summary of these experimental find-
ings support alterations in the gingival tissue 
transcriptome tending toward increased cellular 
senescence even in clinical healthy tissues from 
aged individuals. These patterns of senescence 
are enhanced in the tissues from periodontitis 
lesions. However, this cross-sectional study does 
not determine if elevated cellular senescence pre-
disposes the tissues to disease initiation and pro-
gression, or if an aspect of the biology of 
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periodntal disease triggers the cells and tissues 
toward senescence, leading to a greater extent 
and severity of disease in aging. Longitudinal 
studies will be required to more definitively doc-
ument the temporal nature of the biologic and 
clinical changes.

8.3  Senolytics 
and Geroprotective 
Therapeutics in Periodontitis

The human population demonstrates extensive 
variation in aging effects that are a composite of 
genetics and environmental exposures at the indi-
vidual subject level [58]. Cellular senescence is 
an irreversible process that arrests cell growth, 
leading to cells escaping the normal cell cycle 

and losing the ability to proliferate [3]. The nor-
mal replicative processes for cells can be short- 
circuited into a senescent state by assorted 
extrinsic and intrinsic stimuli, such as shortened 
telomeres, unrepaired DNA damage, oxidative 
stress and radiation, and molecularly via 
enhanced expression of oncogenes coupled with 
the loss of effective tumor suppressor gene 
 functions [59] contributing to neoplastic and 
degenerative changes, although senescence is 
also a critical process in development, wound 
healing, and tissue repair [11]. Thus, this pleio-
tropic process is beneficial in early life but detri-
mental in late life and is reflected by a 
senescence- associated secretory phenotype 
(SASP) with senescent cells demonstrating 
heightened harmful pro-inflammatory responses 
[14, 60].
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Within the context of immune senescence, 
these intrinsic and extrinsic factors are modu-
lated and modified via the “immunobiography” 
of each individual related to the individuals “anti-
genic ecospace” triggering all immunological 
experiences across the lifespan and dependent 
upon the immune system plasticity and memory 
[39, 61]. The summation of this population varia-
tion has recently been portrayed within the trea-
tises of “biological aging” [4, 58, 62–65]. 
Evolving strategies based on biologic aging are 
focusing efforts into development of “geropro-
tective” and “senolytic” therapeutics to enhance 
healthy biologic aging [66–71].

Geroprotective drugs focus on anti-aging tar-
gets that are consider effectors on the funda-
mental physiological causes of aging and 
age-related diseases, and thus these might be 
expected to extend the lifespan. Caloric-
restriction (CR) and CR-mimetic drugs have 
been shown to have some geroprotective effects 
on aging [72, 73]. Examples of current mole-
cules undergoing studies as geroprotective 
agents include melatonin, L-carnosine, metfor-
min, and histone deacetylase inhibitors. A com-
mon theme of this approach is that calorie 
restriction works by reducing insulin and insu-
lin-like growth factor-1, as well as increasing 
insulin sensitivity with gene expression changes 
consistent with longevity. However, CR has 
some challenges being accepted by large popu-
lations, thus the strategy of development of 
CR-mimetics to target this IGF-1 pathway.

Metformin (dimethylbiguanide) is currently a 
preferred hyperglycemic agent to manage type 2 
diabetes mellitus (T2DM). Metformin activates 
AMP kinase (AMPK), which is a cellular energy 
sensor and inhibits the mammalian target of 
rapamycin (mTOR), thus reducing protein syn-
thesis [70, 74, 75]. More recently this drug has 
been shown to significantly increase lifespan and 
delay the onset of age-associated decline and 
have therapeutic potential for the prevention and 
treatment of various aging-associated patholo-
gies. In addition, related to periodontitis and the 
description of “inflammaging,” metformin has 
clear beneficial effects in lowering chronic 
inflammation [74].

Melatonin (N-acetyl-5-methoxytryptamine) is 
a pineal indole hormone that orchestrates numer-
ous physiological functions. Melatonin’s actions 
are partially mediated by the circadian multi- 
oscillator system, as well as exerting a strong 
antioxidant activity by scavenging OH, O2–, and 
NO. Loss of mitochondrial function contributes 
to aging throughout the body, which contributes 
to age-related diseases such as neurodegenera-
tion, diabetes, and obesity [76–79]. Melatonin 
also increases the expression of some mitochon-
drial genes and by preserving mitochondrial 
function and promotes longevity-associated pro-
teins (e.g., SIRT1), thus exerting a specific action 
on a fundamental cause of aging processes. 
During aging, melatonin secretion declines and a 
progressive deterioration of the circadian system 
is observed. This melatonergic dysfunction in 
aging has been suggested to support that melato-
nin administration may positively impact 
senescence- associated pathologies. This concept 
was supported by data showing the ability to 
extend the lifespan of multiple species, from 
insects to mammals, although in mammals mela-
tonin does not seem to strongly decelerate the 
basal aging processes.

Increasing life expectancy is accompanied by 
an increased risk for the development of age- 
associated diseases (coronary heart disease, cere-
brovascular disease, cancer, arthritis, dementia, 
cataract, osteoporosis, type II diabetes, hyperten-
sion, Alzheimer’s disease, Parkinson’s disease, 
etc.), which negatively impact healthy aging. A 
general concept of natural antioxidants as gero-
protectors has been proffered. L-carnosine is a 
dipeptide of the amino acids β-alanine and l- 
histidine that it is a potent natural hydrophilic 
antioxidant, which preserves human tissues from 
oxidative stress via its activity as a scavenger of 
hydroxyl and superoxide radicals and, even more 
efficiently, of the singlet oxygen molecule. 
Carnosine levels in the body decline with age. 
Facets of its function are hallmarks of aging in 
that it rejuvenates connective tissue cells, with 
positive effects on wound healing, and beyond its 
capacity as a potent antioxidant, it provides a 
broad-spectrum effect to minimize protein degra-
dation [80–82].
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Mechanisms of epigenetic regulation continue 
to increase as interesting targets contributing to a 
variety of processes related to aging (e.g., senes-
cence, frailty, genomic instability, and carcino-
genesis) [83–85]. The methylation and acetylation 
processes that occur at the genome level of regu-
lation gene expression profiles have provided the 
impetus for drug targeting related to aging. 
Histone deacetylases (HDAC) are critical com-
ponents of these processes, and HDAC inhibitors 
are considered promising as geroprotective phar-
maceuticals. HDAC inhibitors include chemical 
classes, such as cyclic peptides, hydroxamic 
acids, short chain fatty acids (e.g., butyrate), and 
synthetic benzamides, that vary in particular 
HDAC class specificity [86]. HDAC inhibitors 
reverse the deacetylation of histone tails and acti-
vate the expression of particular genes. 
“Connecting-the-dots” suggests that since many 
biosynthetic and metabolic gene expression pat-
terns are decreased with aging [87], improving 
their transcriptional expression through therapy 
with HDAC inhibitors could alter these age- 
associated functional declines. Moreover, tar-
geted inhibition of HDACs could help regulate 
inflammatory and stress responses to improve 
aging and longevity [88]. Thus, these geroprotec-
tive therapeutics may reduce the risk of develop-
ing aging-related diseases, including periodontitis 
and enhance healthy aging.

It is well demonstrated that senescent cells 
accumulate in mammalian tissues during aging 
and help to trigger age-related pathologies [15]. 
While the senescent cells comprise a small num-
ber of the total body population, they have a pro-
pensity for the production of pro-inflammatory 
cytokines, chemokines, and extracellular matrix 
proteases, the portfolio of which drive the 
senescence- associated secretory phenotype 
SASP and contribute to aging [89, 90]. Recent 
studies in animal models have demonstrated that 
clearance of senescent cells extends lifespan by 
delaying aging-associated maladies [91–93]. 
Senolytic drugs are generally small molecule 
therapeutics designed to selectively induce the 
death of senescent cells to ameliorate age-related 
diseases. One of the most promising of these 
types of drugs is based on the compound rapamy-

cin. Rapamycin acts by the inhibition of mTOR 
that is involved in sensing cellular nutrient levels 
regulating energy conservation and contribution 
to anti-aging effects. This crucial cellular protein 
is also a major target in caloric restriction effects 
on aging. While initially employed as an immu-
nosuppressive agent, it was noted to extend lifes-
pan in yeast and worms, and later in mice 
[94–96]. The field has expanded into the devel-
opment of “rapalogs.” Everolimus, an anti-can-
cer agent, was found in humans to help alleviate 
age- associated immune deterioration [96–98]. 
Since immune system aging is a major cause of 
disease and death, a recent study also demon-
strated that everolimus treatment improved 
active immune responses to influenza vaccines 
in older subjects [99].

Transcript analysis of senescent cells showed 
an up-regulation of pro-survival genes and apop-
tosis resistance phenotype [100]. Dasatinib, an 
anti-leukemia drug, and quercetin, one of the 
most abundant dietary plant polyphenol flavo-
noids, could selectively kill senescent cells; and a 
combination of the drugs was synergistic in this 
effect [101]. Treatment with dasatinib and quer-
cetin prevented cell damage, delay physical dys-
function, and extend the lifespan of mice, which 
would promote healthy longevity [102, 103].

An additional category of senolytic drugs 
have been identified that are classified as Heat 
shock protein (Hsp) 90 inhibitors [104, 105]. 
Hsp90 is an ATP-dependent molecular chaperone 
exploited by malignant cells to support activated 
oncoproteins and stabilizes proteins required for 
cell survival and thus is a target considered in 
cancer therapeutics. These inhibitors include nat-
ural products like geldanamycin (1,4-benzoqui-
none ansamycin) a macrocyclic polyketide 
from  Streptomyces hygroscopicus [106, 107]. 
Geldanamycin induces the degradation of pro-
teins that are mutated in tumor cells through the 
function of HSP90 and has led to the develop-
ment of analogues, such as 17-N-Allylamino-17-
demethoxygeldanamycin (17AAG). Radicicol, 
e.g., monorden, is also a natural product from 
Pochonia chlamydosporia produced by 
polyketide synthases and binds to Hsp90 [106, 
108]. Effective cancer treatment, and likely 
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improved management of the adverse effects of 
senescent cells, includes strategies that would 
target multiple signaling pathway networks, and 
Hsp90 is a key element responsible for features 
of protein folding in multiple signaling networks 
that can prevent apoptosis. Gamitrinib-
triphenylphosphonium (G-TPP), an anti-cancer 
agent, is a synthesized small molecule that acts 
on mitochondrial Hsp90 to enable the initiation 
of apoptosis and effects cancer and senescent, but 
not normal cells [109], and thus may have a use 
in therapeutics of aging.

8.4  Chronological and Biological 
Aging

The immune system in aging demonstrates alter-
ations in both innate and adaptive immune cell 
functions and effector biomolecules, which con-
stitute the description of immunosenescence and 
inflammaging, albeit, the actual cause(s) of these 
abnormal processes for immunoactivation remain 
to be established [110, 111]. These alterations 
represent only one aspect of a broad array of fea-
tures of age-related diseases, and the evolving 
concept of “Geroscience” that represents an 
interdisciplinary approach to address aging in the 
context chronic age–related diseases and geriat-
ric syndromes [61, 112]. A component aspect 
underlying these interrelationships is the evolv-
ing area of biologic aging. An increasing number 

of investigations have begun to explore the varia-
tion in healthy/unhealthy aging across the popu-
lation and have suggested the existence of arrays 
of variable that could explain and/or predict bio-
logical aging and model the rate of senescence 
[4, 58, 65, 113], including specific metabolic and 
genetic/epigenetic markers [76, 77, 114, 115], 
coupled with telomere shortening [62] and genes 
controlling the aging process [5], as examples of 
targets in this research discipline.

Existing approaches considered in prevent-
ing/managing periodontitis in aging have 
included dietary manipulation, pharmaceuticals 
for impacting both the microbiome and host 
responses, and behavioral strategies [34, 116]. 
However, with regard to the local and systemic 
chronic inflammation characteristic of periodon-
titis, there is clearly a litany of systemic diseases 
related to periodontitis that likely reflects bacte-
rial translocation through damaged periodontal 
tissues accompanied by chronic elevation in sys-
temic inflammatory responses as co-morbid con-
tributors with other risk factors for general 
disease processes [117, 118]. The unremitting 
elevated inflammation observed in untreated 
periodontal lesions of aged individuals may 
reflect an ineffective/dysregulated host response, 
allowing the persistence of pathogenic biofilms 
[28]. However, chronic periodontitis exists over 
decades in individual subject, generally demon-
strating a clinical onset by the third-fourth 
decade of life [26, 119]. As indicated in Fig. 8.7 
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there is a balance of protective and detrimental 
stressors within the intrinsic (e.g., genetics, 
metabolic) and extrinsic (e.g., exposome, anti-
genic ecospace) bionetwork of each individual 
that proscribes healthy or accelerated aging. 
Our tenet is the potential that periodontitis, 
rather than simply being an age-related disease, 
actually represents a detrimental effector and 
contributes to individual ‘Gerovulnerability’. 
This theory emphasizes the observed individual 
differences within the population related to the 
onset and progression of aging processes and 
age-related diseases. It also accentuates advanc-
ing evidence regarding fundamental differences 
in chronological versus biological aging at the 
individual level. In support of this data from 
Belsky et  al. [65] identified gum health as a 
component of biologic aging. We have also 
recently noted a significant decrease in telomere 
base pairs in patients with periodontitis [39] 
across the lifespan. Thus, this chronic infection 
and persistent local and systemic inflammation 
could be a major component in the portfolio of 
risk factors for the expression of features of 
unhealthy aging. Consequently a restricted 
 perspective that aging processes only effectuate 
an oral environment conducive to enhancing 
periodontitis [65] may limit the importance of 
broader strategies to improve healthy aging and 
should influence a future holistic approach to 
prevention, management, and interventional 
clinical decisions in periodontal disease and 
aging [34].
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9.1  Osseointegration: An Almost 
Perfect Relationship 
Between Metals and Living 
Tissues

According to the Centers for Disease Control and 
Prevention, the number of US adults with com-
plete tooth loss has decreased from 49% in 1960 

to 13% in 2012 [1, 2]. In addition, elderly adults 
are motivated to maintain their dentition since 
tooth loss has an impact on their oral health-
related quality of life [3]. Some benefits to hav-
ing a full complement of teeth include improved 
esthetics, function, nutrient intake, and self-
esteem. The number of people that are keeping 
their teeth is on the rise, and when patients are 
missing individual teeth, implants have become a 
therapy of choice.

The replacement of missing teeth is one of the 
most challenging treatment modalities in  dentistry. 
The traditional approach is to maintain the patient’s 
existing dentition for as long as possible prior to 
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resorting to tooth replacement strategies. Some of 
the conventional tooth replacement options include 
complete dentures, removable partial dentures, and 
fixed partial dentures. All of these options require 
rigorous maintenance and repair regimen and 
fall short of ideal replacement strategies in terms 
of function and esthetics. One of the functional 
benefits of implants as opposed to dentures is the 
continuous mechanical load exerted on the sur-
rounding alveolar bone, resulting in bone mainte-
nance and prevention of bone loss.

In general, loss of functional use and mechan-
ical stress results in gradual resorption of bone, 
both in terms of height and width [4]. This has 
been referred to as disuse atrophy, which sug-
gests that the body eliminates bone that is not 
actively stressed. According to Wolff’s law, bone 
adapts its mass and structure to the mechanical 
demands placed on it [4]. One of the functional 
benefits of dental implants is the continuation of 
the mechanical stress exerted on alveolar bone, 
resulting in the prevention of bone resorption. 
While humans have attempted to replace natural 
teeth with implants for more than 1500  years, 
implants only became a reliable treatment option 
during the 1970s [5, 6].

Early dental implant technology consisted of 
blade and transosteal implants, and it was thought 
that both of these implant types relied on mechan-
ical retention [7]. A wide array of metals and 
implant designs were used unsuccessfully. One 
implant design that is frequently referenced is the 
subperiosteal blade implant developed by Dahl in 
the 1940s [8]. This implant was inserted between 
the bone and the soft tissue and therefore relied 
on soft tissue anchorage. These implants were 
fraught with complications and were typically 
removed soon after placement due to infection, 
inflammation, and foreign body response [9].

Early endosseous implant studies revealed 
the remarkable ability of bone to tolerate metal 
implants and even tightly surround the inserted 
metal shaft. This phenomenon was first described 
by Bothe in 1940 and by Leventhal in 1951; 
however, it was not until 1952 that Per Ingvar 
Brånemark coined the term “osseointegration” 
[6, 10, 11]. Brånemark was studying blood flow 
in rabbits and discovered that titanium chambers 

placed in the rabbit tibia and fibula could not be 
removed from the bone after implantation. These 
studies prompted Brånemark to develop a den-
tal implant fixture using pure titanium screws. 
Further studies demonstrated that these titanium 
implants demonstrated predictable long-term 
results [12].

Years after the original Brånemark implants 
were produced, Schroeder and Straumann in 
Switzerland worked with various alloys used in 
orthopedic surgery to develop their own dental 
implant [13]. In 1980, Schroeder initiated the 
International Team for Implantology (ITI), which 
helped stimulate advances in implant research 
and development. Several implant designs were 
developed and tested, including the Core-Vent, 
Stryker root form, and IMZ implants [7]. After 
years of testing, mainly through trial and error, 
some implants left the market and others with-
stood the test of time. The most popular dental 
implant designs used today are threaded, root- 
form implants with various surface treatments to 
facilitate osseointegration (Fig. 9.1).

The original Brånemark implants had a 
smooth, machined surface, while most modern- 
day implants have a roughened surface. The 
original Brånemark implants called for a 
6-month healing time before loading while the 
modern- day roughened surface implants can be 
loaded in as little as 6 weeks [14]. The roughened 
implant surface results in an increase in surface 
area, allowing for increased bone apposition and 
better stress distribution along the implant body 
[15]. It has been shown that a roughened sur-
face promotes bone formation by increasing the 
proliferation of cytokines, growth factors, and 
osteoblasts [16]. Some common surface treat-
ments to create this roughened surface include 
sandblasting, acid etching, anodizing, electro-
chemical treatment, vacuum treatment, thermal 
treatment, and laser treatment [17]. Comparing 
smooth and rough surface implants side by side, 
it has been demonstrated that soft tissue adheres 
more readily to a smooth surface while bone 
tends to favor a roughened surface [18]. This 
concept has led to the design of a smooth collar 
at the top of the implant to facilitate soft tissue 
adherence.
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Crown

Abutment

Implant

Fig. 9.1 Basic components of a typical dental implant. 
Dental implants usually consist of an implant fixture that 
anchors the implant in the bone (Implant), an abutment, that 
connects the implant fixture with the crown of the tooth 
(Abutment), and a prosthetic crown, that esthetically and 
functionally mimics a tooth crown of a healthy tooth (Crown)

The interface between bone and the oral cav-
ity consists of a soft tissue barrier that includes 
sulcus, epithelial attachment, and connective 
tissue attachment [19]. This soft tissue barrier 
provides a protective seal between the bone 
and the outside world. In health, this soft tissue 
barrier prevents bacteria and debris from caus-
ing bone loss around the tooth. The integrity of 
this soft tissue seal is compromised in implants. 
According to Berglundh, the epithelial attach-

ment is similar, while the connective tissue does 
not attach to the implant surface [20]. Other 
studies emphasized that the epithelium adheres 
to the implant via hemidesmosomes, but the 
connective tissue encircles the implant without 
attaching to the implant [21, 22]. These studies 
suggest that a tooth has a stronger biological seal 
than an implant, resulting in increased suscep-
tibility of implants to invasion by bacteria and 
other debris.

Titanium became the material of choice for 
implants in both the dental and medical fields 
due to its perceived biocompatibility and its abil-
ity to form a seamless boundary between bone 
and implant, the process that Brånemark called 
osseointegration. Implants were considered bio-
compatible because of their ability to perform 
with an appropriate host response in a specific 
application [23]. Titanium is considered the most 
biocompatible metal due to its resistance to cor-
rosion from bodily fluids, inertness, and rela-
tively high fatigue limit. From an immunological 
perspective, implant biocompatibility is based on 
its containment in a tough, thin, avascular cap-
sule that is quiescent [24].

Originally, the concept of osseointegration 
implied that bone is in intimate contact with tita-
nium. However, in a typical dental implant, bone 
is in close proximity to the implant but does not 
adhere to it [24]. There is a thin biological layer 
between the bone and the implant, approximately 
20–50  nm thick, is referred to as the “zone of 
tolerance.” [25, 26] This zone is composed of 
a titanium oxide layer, ground substance, and a 
cloud of zwitterionic forces that create enough 
friction to prevent implant movement. A zwitter-
ion is a molecule that contains both a positive and 
a negative charge and therefore serves as a buffer 
between two dissimilar molecules. The titanium 
oxide layer is one of the key components respon-
sible for titanium biocompatibility. The oxide 
layer insulates the titanium and serves as a buffer 
between the titanium and bone. Without a tita-
nium oxide layer, titanium would become highly 
reactive and susceptible to corrosion [24].

Most modern-day implants utilize a design 
known as platform switching in order to main-
tain alveolar bone height over time. This design 

9 Peri-implant Disease



116

comprises an implant design in which the abut-
ment of the restored implant is of narrower 
diameter than the implant diameter. For exam-
ple, if the implant is 6 mm in diameter, the por-
tion of the crown that is attached to the implant 
is 4 mm in diameter. This concept was acciden-
tally discovered when 3i Implant Innovations 
used abutments that were narrower than their 
implants. Lazzara and Porter reported that less 
bone loss was seen with platform switching 
[27]. The platform switch allows for the bone 
to form an implant–bone interface to the very 
top of the implant without a separate restorative 
component impinging on the bone to implant 
connection. This also will allow the oral mucosa 
to generate a soft tissue seal around the abut-
ment and the crown as opposed to the implant 
body itself. Studies have demonstrated that plat-
form switching, in contrast to platform match-
ing, results in reduced bone loss after implant 
restoration [28, 29]. According to these and 
other studies, platform switched implants reveal 
minimal bone loss in the first year of service, 
and bone will even grow back to the coronal 
portion of the implant over time. Based on a 
study of platform switched Nobel implants that 
had been followed for 20  years, Chrcanovic 
reported that 11% of those implants displayed a 
gain in bone height and 36% experienced bone 
loss less than 1 mm [28]. In another study using 
platform switched implants, Froum detected 
an average of 0.8 mm of bone loss after 1 year, 
which decreased to only 0.3 mm of bone loss at 
8 years [30].

In general, dental implants are regarded as 
a safe and highly effective treatment option 
for replacing missing teeth [24]. Compared to 
traditional modes of tooth replacement, den-
tal implants have several benefits, including 
maintenance of bone height, stable anchorage 
for fixed restorations, and preservation of adja-
cent teeth when compared to bridge or denture-
based applications. Moreover, implants allow for 
superior esthetics and function when compared 
to alternative tooth replacement options. In an 
effort to standardize the evaluation of implant 
health, Albrektsson et al. formulated five essen-
tial criteria for implant success in 1986 [31]. The 

criteria include: (1) immobility of the implant; 
(2) a lack of peri-implant radiolucency on a 
radiograph; (3) less than 0.2  mm vertical bone 
loss after the first year of service; (4) the absence 
of pain, infection, neuropathy, paresthesia, or 
violation of the mandibular canal; and (5) a min-
imum success rate of 85% at 5 years and 8% at 
10 years. The authors also considered 1.5 mm of 
crestal bone loss within the first year a success 
and attributed this loss to the formation of soft 
tissue attachment.

Unfortunately, in recent years, the remarkable 
success rate of dental implants has turned them 
into a cure for all when only slightly compro-
mised teeth have been replaced by implants with-
out a clear prognosis for the implant to surpass 
the natural tooth in terms of longevity. A recent 
article in the Journal of Dental Research “Are 
Dental Implants a Panacea?” [32] asks whether 
the recent implant epidemic has led to the 
removal of teeth that could have been salvaged 
by conservative means. The article suggests that 
the longevity of even severely compromised teeth 
may far surpass that of the average dental implant 
if properly maintained [33, 34]. The readiness to 
apply dental implants without immediate clinical 
need raises eyebrows when clinical indicators of 
peri- implantitis have been reported in up to 45% 
of implant patients (Fig. 9.2) [35]. These recent 
studies by Giannobile, Derks, and others [36] 
have raised concerns about the unreflected use of 
implants as a means to an end for all dental health 
concerns regardless of the remarkable clinical 
success rates in many cases.

In addition to the increased readiness to 
place implants and potential side effects related 
to peri- implantitis, another worrisome trend 
has marred the once-untainted success story 
of dental implants: the changing training and 
skill levels of practitioners involved in plac-
ing implants. The high commercial profit mar-
gin associated with implant procedures has 
attracted a wide range of clinicians of various 
skill sets and training levels to participate in 
the profitable business. The original Brånemark 
implants were typically placed in a sterile oper-
ating room setting by oral and maxillofacial 
surgeons, while today, most implants are placed 
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in a private practice setting by a variety of den-
tal professionals. Continuing education courses 

and dental school curricula include training on 
the placement and restoration of dental implants 
(Fig. 9.3). As a result, implants are being placed 
and restored by individuals with varying educa-
tional backgrounds. According to Adell, inexpe-
rienced surgeons had a 5-year implant survival 
rate of 75% while experienced surgeons had a 
5-year survival rate of 98% [37]. Lambert found 
that inexperienced surgeons had implants fail 
twice as often as experienced surgeons [38]. 
Da Silva conducted a practice-based research 
network study where implant parameters were 
measured over time in multiple general dentists’ 
offices [39]. That study found that after 4 years, 
7% of the implants were classified as failures and 
18.7% were considered to have excessive bone 
loss. The authors concluded that implants placed 
by general dentists have a higher failure rate 
when compared to those placed by specialists.

According to the American Academy of 
Periodontics, implants displaying evidence of 
peri-implant disease suffer from either peri- 
implant mucositis or peri-implantitis [40]. Peri- 
implant mucositis entails the inflammation of the 
soft tissue around an implant without the loss of 
bone [41]. Peri-implantitis involves inflammation 
of the soft tissue and progressive bone loss around 

Fig. 9.2 Clinical signs of peri-implantitis. (a) Redness of 
the mucosal tissue immediately surrounding the implant 
surface (arrow). (b) Clinically visible signs of corrosion 
on the implant surface

Fig. 9.3 Stages of implant placement. (a) Implant fixture, (b) insertion of the implant into the bone, (c) position of the 
implant between two adjacent teeth, and (d) radiograph of the successfully placed implant
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the implant. According to a systematic review by 
Atieh et  al. [42], peri-implant mucositis affects 
63% of implant patients while peri- implantitis 
affects 19% of patients. To aid the clinician in 
determining the prognosis of a diseased implant, 
Froum et al. [43] have classified peri-implantitis 
into three different categories: early, moderate, 
and advanced. Early peri- implantitits is defined 
as an implant with a  periodontal probing depth 
of greater than 4 mm, with bleeding upon prob-
ing and bone loss of less than 25% of the implant 
length. Moderate peri- implantitis entails prob-
ing depths from 6 to 8 mm with bleeding upon 
probing and 25–50% bone loss. Advanced peri-
implantitis is an implant with a periodontal prob-
ing depth of greater than 8  mm, with bleeding 
upon probing and bone loss of greater than 50% 
of the implant length.

Peri-implantitis may eventually result in 
implant failure, which usually requires surgical 
removal of the implant in order to prevent fur-
ther pain, infection, and bone loss. Becker et al. 
[44] described implant failure as the presence 
of implant mobility and radiolucency around 
the implant. In addition to these criteria, several 
other clinical observations such as pain, infec-
tion, tissue inflammation, and degree of bone loss 
help the clinician determine whether the implant 
is salvageable or needs to be removed.

Several studies have evaluated factors that could 
contribute to implant failure, yet in many cases the 
cause remains unknown. The timing of implant 
failure and an understanding of the healing pro-
cess are useful tools that aid the clinician in deter-
mining the potential causes of failure. Chrcanovic 
et al. [45] define primary, or early, implant failure 
as the failure of an implant to osseointegrate after 
it has been placed in bone (i.e., failed to form a 
close union between the implant and surrounding 
bone during healing). Some studies speculate that 
primary implant failure may be due to overheating 
of the bone and/or poor surgical technique, even 
though a cause and effect relationship remains to 
be established [46, 47].

Chrcanovic et al. [45] call secondary implant 
failure a process that occurs later than primary 
implant failure and that is due to progressive bone 
resorption around the implant (i.e., advanced 

peri-implantitis). Studies demonstrate that bone 
loss around an implant could be associated with 
one or more of the following: poor clinical han-
dling, poor implant design, complex patient medi-
cal history, poor oral hygiene, overloading of the 
implant due to the crown being too high, excess 
cement, or a response to foreign particles embed-
ded in the tissue [45, 48–51]. Some of the clinical 
parameters for secondary implant failure include 
deep probing depths (using a periodontal probe), 
bleeding upon probing, purulence, pain upon pal-
pation or percussion of the area, and radiographic 
bone loss.

9.2  Risk Factors Contributing 
to Implant Disease

Several patient-related risk factors are known 
to contribute to peri-implant disease, includ-
ing smoking, diabetes mellitus, and pre-existing 
periodontal disease (Fig.  9.4). Smoking and its 
relationship to periodontal destruction has been 
discussed extensively in the literature [52, 53]. A 
longitudinal study by Miller et al. conducted sta-
tistical analyses of several variables that may con-
tribute to tooth loss and found that smoking was 
the most important risk factor for tooth loss [54].

Several mechanisms by which smoking affects 
wound healing are discussed by Rivera-Hidalgo 
[55]. Nicotine decreases the proliferation, attach-
ment, and chemotaxis of periodontal fibroblasts. 
Fibroblasts are a key cell that function in the heal-
ing and turnover of periodontal tissues. Smokers 
also suffer from decrease in oxygen delivery to 
the periodontal tissues, which leads to an increase 
in anaerobic bacteria. In smokers, polymorpho-
nuclear leukocytes (PMN) cells have decreased 
motility and function, resulting in decreased peri-
odontal immunity. Smokers typically experience 
severe xerostomia, which facilitates an increase 
in bacterial adhesion to the soft tissue and inad-
equate salivary flushing mechanisms. Smoking 
also reduces blood perfusion in the small capil-
lary network of the periodontal soft tissues. As 
a result, periodontal connective tissues do not 
receive enough nutrients and are not able to rid 
themselves of waste products. Budunelli et  al. 
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found that smokers have an altered RANKL to 
osteoprotegrin ratio [56]. RANKL is an acronym 
for receptor activator of nuclear factor kappa-B 
ligand, which binds to RANK in order to trig-
ger bone resorption. Osteoprotegrin is a protein 
that can bind RANKL in order to minimize its 
effects. As a result, the catabolic bone resorp-
tion signaling surpasses the anabolic aspect of 
new bone formation in smokers, resulting in an 
imbalance of the bone regenerative periodontal 
homeostasis toward the katabolic aspect. Finally, 
a smoking-related increase in advanced glyca-
tion end-products (AGEs) results in a decrease 
in oxygen delivery to periodontal tissues and a 
decrease in collagen turnover [57].

Smoking appears to have a similar impact 
on dental implant health as well. Karbach et al. 
demonstrated that smoking was the most impor-
tant risk factor for the formation of peri-implant 
mucositis [58]. It has also been reported that 
bone loss around implants in smokers is twice as 

high as in nonsmokers [59]. Chung et  al. stud-
ied a variety of implant designs in smokers and 
nonsmokers placed over a 21-year period [60]. 
They found that smokers had almost 3  times 
more annual bone loss than nonsmokers. Another 
study that examined long-term results of implants 
found that the rate of implant failure was higher 
in smokers than in nonsmokers [61]. The authors 
concluded that the higher failure rate in smok-
ers was due to a reduced healing capacity among 
patients who smoke.

Curiously, implant surface modifications 
may improve implant longevity more so in 
smokers than in nonsmokers. One study com-
pared machined implants and oxidized implants 
in smokers and nonsmokers [62]. This study 
 demonstrated that bone loss around machined 
implants was twice as high in smokers as in non-
smokers while there were similar bone levels and 
failure rates between smokers and nonsmokers 
when oxidized implants were used. In another 

Periimplantitis
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Bone Turnover
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Fig. 9.4 Risk factors contributing to peri-implant disease. Factors contributing to peri-implant disease include diabe-
tes, smoking, radiation therapy, periodontal disease, and osteoporosis and osteonecrosis
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study, Balshe and coworkers found that rough 
surface implants in smokers had no significant 
failure rate, while there was a significant failure 
rate associated with smooth surface implants 
[63]. While some studies show reassuring results 
with rough surface implants, smoking is still con-
sidered a risk factor for peri-implant disease.

The effect of diabetes mellitus on periodontal 
health has been well established [64, 65]. There is 
evidence of a bidirectional relationship between 
diabetes and periodontal health in which the sta-
bility of one disease influences the other. Löe was 
the first to suggest that periodontal disease is the 
sixth complication of diabetes [66]. Some of the 
common complications found in diabetics include 
cardiovascular disease, neuropathy, nephropathy, 
retinopathy, and vascular changes. When a patient 
has prolonged elevated blood glucose, there is 
an increase in advanced glycation end-products 
(AGEs), which results in diminished oxygen 
delivery to tissue, poor collagen turnover, and 
reduced healing capacity. Prolonged diabetes is 
also associated with decreased PMN leukocyte 
motility and function, decreased fibroblast func-
tion, and increased RANKL/osteoprotegerin ratio 
[65]. A patient with well-controlled diabetes will 
typically have fewer of these sequelae and will 
hence heal better than an uncontrolled diabetic.

Elevated blood glucose as it occurs in diabetic 
patients and its level of control affect both peri-
odontal therapy and implant therapy. In animal 
models, diabetic pigs have less bone-to-implant- 
contact and rats injected with AGEs exhibit a 
slower rate of osseointegration [67, 68]. Another 
study on diabetic rats reported decreased bone den-
sity around the implants [69]. Studies in humans 
have identified a correlation between  uncontrolled 
diabetes and bleeding upon periodontal prob-
ing around implants, but they did not report an 
increase in bone loss or implant failure among 
diabetics [70–72]. Other studies in humans have 
suggested that periodontal wound healing occurs 
at near physiological levels in a well-controlled 
diabetic (Hemoglobin A1C ≤ 7) [73].

Based on their effect on bone density, osteo-
porosis and bisphosphonate treatment of osteo-
porosis and cancer have been tested for their 
relationship with implant failure. Osteoporosis 

is known for causing a decrease in bone density 
and is typically found in postmenopausal females 
[74]. In general, multiple cohort and meta- 
analysis studies have identified a slight correla-
tion between osteoporosis and implant failure, 
but the correlation is weak and not statistically 
significant [75, 76]. Many osteoporosis and 
cancer patients are prescribed bisphosphonates, 
which decrease bone loss by inhibiting osteo-
clasts. Osteoclasts are bone cells that degrade 
bone into its mineral components. Without the 
help of osteoclasts, the jawbone is lacking in 
healing capacity and is therefore susceptible to 
a condition known as bisphosphonate-related 
osteonecrosis of the jaw (BRONJ). Several other 
medications, such as RANK ligand inhibitors and 
antiangiogenics, induce a similar phenomenon 
and so the term has been changed to medication- 
related osteonecrosis of the jaw (MRONJ) [77]. 
Some bisphosphonates, such as intravenous 
(IV) and nitrogen-containing oral bisphospho-
nates, are associated with a higher incidence of 
MRONJ [77]. Shabestari et al. conducted a case 
series on 21 patients taking oral bisphosphonates 
and reported that bisphosphonates had no effect 
on implant health [78]. A retrospective study on 
362 patients treated with dental implants found 
no correlation between bisphosphonates and 
implant failure, but there was a correlation with 
implant thread exposure over time [79]. Together, 
these studies indicate that bisphosphonates do 
not have a substantial effect on implant failure.

Radiation therapy is often administered for the 
treatment of head and neck cancer [74]. This treat-
ment can result in severe dry mouth and altered 
function of the bone and soft tissue. Similar to 
MRONJ, a history of radiation therapy can result 
in a condition known as osteoradionecrosis of 
the jaw. A systematic review based on 10,150 
implants determined that implants placed in irra-
diated bone had a 174% higher chance of fail-
ure [80]. Thus, caution is advised when implant 
placement in irradiated bone is considered.

Periodontal disease not only affects the attach-
ment and retention of natural teeth but is also 
implicated in the loss of implants due to peri- 
implantitis. Periodontal disease has a wide array 
of causes and risk factors but is most commonly 
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associated with bacterial plaque and the host 
immune response [81]. Periodontitis and peri- 
implantitis are both typically associated with a 
certain bacterial profile, namely, gram-negative 
anaerobic bacteria [82]. In addition, certain 
patients may be more susceptible to the dete-
rioration of the periodontium due to individual 
variables such as medical history, social history, 
bacterial flora, and genetic profile [81].

A cross-sectional study including 109 volun-
teers resulted in a significant correlation between 
implant failure and periodontitis [83]. Swierkot 
et al. conducted a prospective long-term study on 
patients with a history of generalized aggressive 
periodontitis, formerly known as juvenile peri-
odontitis [84]. Despite the fact that the aggres-
sive periodontitis was controlled prior to implant 
placement, these patients were more susceptible 
to peri-implantitis, peri-implant mucositis, and 
implant failure when compared to healthy con-
trol patients [84]. Another longitudinal cohort 
study on adults reported a significant correla-
tion between severe chronic periodontitis and 
late implant failure [85]. Costa et  al. noted an 
increased likelihood to develop peri-implantitis 

when patients with peri-implant mucositis did 
not attend regular maintenance appointments 
[86]. Together, these studies established a sig-
nificant correlation between periodontitis and 
peri-implantitis.

Based on these findings, the dental profes-
sional must remain abreast of current research 
with regard to risk factors for developing implant 
disease and implant failure. Smoking, diabetes 
mellitus, antiresorptive therapy, antiangiogenic 
therapy, radiation therapy, and periodontal dis-
ease are some of the more common risk factors 
discussed in the literature. Of these risk factors, 
several studies suggest that smoking and peri-
odontal disease are the most prevalent risk factors 
for developing implant disease [82, 83, 85, 87].

9.3  Etiology: Bacterial Plaque

One of the most controversial and highly 
studied questions in dentistry is “what causes 
implant disease?” [41, 42] Many authors con-
sider a multifactorial etiology for peri-implant 
disease (Fig. 9.5). Assuming that all risk factors 

Periimplantitis –
Etiology due to
External
Contributing
Factors

Surgical Technique

Plaque

Cement
Particles

Occlusion

Bone height, placement,
surgical site preparation

Fig. 9.5 External 
factors causing 
peri-implant disease. 
External factors 
contributing to the 
etiology of peri-implant 
disease include surgical 
technique, occlusion, 
plaque, and cement 
particles
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are controlled and the patient is healthy, patients 
may still develop implant disease or implant 
failure due to yet-to-be-defined etiologies.

Bacterial plaque is among the most commonly 
discussed primary etiologies for gingivitis, peri-
odontitis, and peri-implant disease. A well-orga-
nized biofilm on an implant surface appears to 
initiate and propagate peri-implant disease and 
peri- implant mucositis in a similar fashion as 
biofilms on the tooth surface cause gingivitis and 
periodontitis [41]. The early stages involve soft 
tissue inflammation and a shift from gram-posi-
tive aerobic bacteria to gram-negative anaerobic 
bacteria. If this early lesion is left unclean and 
uncontrolled, the plaque matures and the inflam-
mation progresses and ultimately results in bone 
and tooth loss.

In 1965, Löe demonstrated in humans that the 
accumulation of bacterial plaque on teeth leads 
to gingivitis and that gingivitis resolves once 
oral hygiene is reinstituted [88]. Pontoriero et al. 
conducted a similar study on implants, using 
teeth in the same patients as a comparison [40]. 
After 3 weeks of plaque accumulation, the teeth 
and implants both displayed similar changes in 
bleeding, swelling, probing depth, and bacte-
rial profile. There was no statistically signifi-
cant difference between the teeth and implants 
after plaque accumulation. The teeth developed 
gingivitis as expected, and the implants devel-
oped peri-implant mucositis. Unfortunately, 
the authors did not take measurements after the 
patients resumed oral hygiene and therefore did 
not demonstrate whether peri-implant mucositis 
is a reversible process. Salvi et  al. conducted a 
similar study and included clinical measurements 
3  weeks after the reinstitution of oral hygiene 
[89]. Gingivitis and peri-implant mucositis were 
found to be reversible at the biomarker level, but 
the clinical parameters had not yet reached the 
pre-experimental levels. These parameters did, 
however, show trends toward resolution in both 
teeth and implants.

The term “peri-implantitis” was first used 
by Mombelli in 1987 when he discovered that 
implants with bone loss harbored gram-negative 
anaerobic rods, black-pigmented bacteroides, 
fusobacterium species, and spirochetes [90]. 

When evaluating the microbiota of healthy 
implants in the same patients, Mombelli reported 
predominantly coccoid cells. He referred to peri- 
implantitis as a site-specific infection, which has 
many features in common with periodontitis.

Peri-implantitis is thought to be initiated in 
a manner similar to periodontitis, namely, by a 
mounting bacterial insult and a host response [41, 
42]. Some studies document a similar bacterial 
profile for both peri-implantitis and periodonti-
tis, while others reveal a unique profile for peri- 
implantitis [91]. An independent study group of 
30 clinical experts met in Italy to systematically 
review the literature on peri-implantitis [91]. 
They concluded that peri-implantitis is not com-
parable to periodontitis since several anatomical 
differences exist between the periodontium and 
the peri-implant environment. Among potential 
microbes associated with peri-implantitis, the 
review lists gram-negative anaerobes, opportu-
nistic microbes, Epstein-Barr virus, anaerobic 
gram-positive rods, and Staphylococcus aureus. 
Some papers have identified S. aureus as the 
microbe that initiates peri-implantitis, but this 
notion was refuted by the aforementioned review 
in Italy [92, 93].

Other similarities between periodontitis and 
peri-implantitis include similar inflammatory 
cascades [41]. Both inflammatory processes 
exhibit an upregulation of proinflammatory 
cytokines such as interleukin (IL)-1, IL-6, IL-8, 
IL-12, and tumor necrosis factor (TNF)-α [41]. 
However, peri-implantitis typically progresses 
more rapidly than periodontitis, most likely due 
to a less robust protective barrier around implants 
when compared to teeth. More specifically, teeth 
are protected through a connective tissue attach-
ment and complex defense mechanism, while 
implants lack a connective tissue attachment and 
the interface between the implant and the bone is 
occupied by an avascular mucosa layer. A recent 
comparison noted a self-limiting process in teeth 
that separates the inflammatory lesion from bone 
through a protective connective tissue capsule, 
while such a separating barrier does not exist 
around implants [94].

Most modern implants feature a rough implant 
surface due to surface modifications including 
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sandblasting and surface etching. This rough-
ened surface was introduced to enhance implant 
anchorage, adhesion, and stability. However, 
when it comes to plaque adhesion, the roughened 
surface provides a niche for bacterial plaque to 
firmly attach to the implant and create a mature 
bacterial colony [95]. Ultrasonic and hand instru-
ments were designed to remove the majority of the 
plaque from a natural tooth, but they usually do 
not remove all of the hard deposits known as cal-
culus [96]. Removal of bacterial plaque and cal-
culus from implant surfaces is substantially more 
challenging due to the topography of the implant 
surface. Once the bacterial plaque has reached 
the implant itself, plaque removal becomes a 
challenge for the clinician, and there is a lack 
of universally accepted approaches for plaque 
removal from implant surfaces. Some implant 
companies supply “tissue- level” implants with a 
polished collar at the very coronal portion of the 
implant. This polished titanium is much easier 
to clean and allows for soft tissue adhesion. The 
drawbacks of this approach are poor esthetics and 
difficulties for crown design as it emerges from 
the implant.

9.4  Etiology: Occlusion

Occlusion is another potential factor that might 
contribute to implant disease and implant fail-
ure. While the effects of occlusion on teeth have 
been extensively studied, there is still a paucity 
of evidence regarding the effects of occlusion 
on implants [97]. A healthy tooth is suspended 
within its bony housing by the periodontal liga-
ment (PDL). The PDL serves as a shock absorber, 
which distributes forces along the root [98]. The 
PDL also contains mechanoreceptors, which pro-
vide sensory feedback for the level of bit force 
and possibly monitor fine tuning. Implants, on 
the other hand, lack a PDL and are simply posi-
tioned in close proximity to the bone. As a result, 
implants lack the shock absorber effect of the PDL 
and do not provide occlusal feedback for micro-
adjustments when the patient is chewing [99]. As 
another consequence of implant design, occlusal 
forces are concentrated at the crestal bone around 

implants [98]. Once loaded, teeth move between 
25 and 100 micrometers (μm) in vertical direc-
tion and 56 and 150 μm in horizontal direction, 
while implants move only 3 and 5 μm vertically 
and 10 and 50 μm horizontally. The clinician is 
therefore faced with the challenge of creating a 
fine-tuned occlusal scheme that prevents exces-
sive forces when the implants are in function.

The absence of a periodontal ligament as a 
resilient anchorage between implants and bone 
causes occlusal forces to directly affect adjacent 
bone. As a result, mechanical forces exerted on 
the implant supporting bone may either be physi-
ological, relatively too high, or relatively too low. 
The level of forces transduced on implant car-
rying bone is of importance as bone is a tissue 
extremely susceptible to mechanical loading. To 
this date, Wolff’s law about the responsiveness 
of bone to mechanical stresses holds true [4]. 
Elaborating on Wolff’s law, Frost reported bone 
deposition or bone resorption depending on the 
direction and magnitude of the forces applied to 
bone [100]. Specifically, Frost determined that 
a very low amount of strain may result in dis-
use atrophy, a mild amount of strain maintains 
a “steady state,” and an increased level of strain 
results in bone resorption and even bone fracture.

The resulting tissue damage from excessive 
occlusal forces on natural teeth and their sup-
porting structures is called occlusal trauma. 
Occlusal trauma may result in bony changes, 
occlusal wear, widened PDL, and tooth mobil-
ity [101]. The effect of excessive occlusal forces 
on implants is called occlusal overload. Occlusal 
overload occurs when either normal function or 
parafunctional habits result in structural or bio-
logical damage, including damage to the pros-
thesis, implant, or surrounding bone [102]. It has 
been suggested that peri-implantitis and occlusal 
overload are the two most common causes of late 
implant failure [97]. Several authors have cor-
related occlusal overload with crestal bone loss 
[103]. Kozlovsky et  al. demonstrated in a dog 
model that occlusal overload with uninflamed 
mucosa resulted in a slightly reduced marginal 
bone level [104]. However, bone loss beyond the 
implant neck only occurred in the presence of 
both occlusal overload and peri-implant inflam-
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mation. Other consequences of occlusal overload 
include prosthetic screw loosening, screw frac-
ture, prosthesis failure, and implant fracture [105, 
106]. Implant fracture can lead to peri-implant 
bone loss, resulting in complete implant failure 
[107].

A dentition that no longer relies on natural 
teeth but rather on implants requires an appropri-
ate occlusal design to maximize implant longevity 
and to prevent costly implant repair and replace-
ment procedures. From a biomechanical perspec-
tive and according to Wolff and Frost, occlusal 
designs to support implant integration will mini-
mize the amount of cantilever forces [4, 100]. In 
other words, vertical bite forces are preferred over 
torqueing forces as these push heavily on one side 
of the implant. Cantilever forces are minimized 
by using an implant prosthesis that is slightly nar-
rower than a normal tooth. Occlusal designs that 
do not extend too far in any direction beyond the 
diameter of the implant itself are preferable [97]. 
Non-axial shearing forces resulting from the cusp 
inclination of the crown should be minimized.

There is no general agreement about the 
implant length necessary to support a crown that 
matches adjacent teeth in length and width [108]. 
A number of authors have reported equal suc-
cess rates when using short versus long implants, 
while others have found inferior results with short 
implants [109, 110]. Authors who favor a short 
implant base argue that the apical length is less 
important since the majority of the forces exerted 
on the implant occur at the cervical bone–implant 
interface. A consensus to this debate remains to 
be seen, but most clinicians and implant com-
panies prefer implants that are at least 8 mm in 
length [111].

In addition to narrow crown designs to avoid 
torque forces, optimal implant design from an 
occlusal perspective also includes very light or 
no occlusal contact with the opposing tooth when 
the dentition is in maximum intercuspation (i.e., 
biting down) [107, 112]. Such design compen-
sates for the lack of PDL around the implant. 
When a dentition transitions from a physiologi-
cal bite to a heavy bite, the PDL will allow the 
teeth to compress, but the implant will remain 
stationary. In addition, when the patient is mov-

ing their jaw in a lateral or excursive direction, 
there should be no contact on the implant crown. 
Parafunctional habits must also be considered 
during implant therapy. Patients who brux (grind 
their teeth) or clench their teeth have a higher risk 
of implant failure [113]. These patients may ben-
efit from wearing an occlusal night guard in order 
to prevent excessive forces from parafunctional 
habits. An optimized occlusal design will have a 
profound impact on wear patterns and on the lon-
gevity of teeth and implants alike.

9.5  Etiology: Surgical Technique

Another potential factor contributing to peri- 
implant disease is the clinical technique used dur-
ing implant therapy. The great demand for dental 
implant treatment and the high profit margins 
have led some practitioners to place implants in 
ways that do not follow the biological, surgical, 
and mechanical principles that were adhered to 
during the early years of implant treatment.

One of the key requirements for successful 
implant placement is the presence of a stable 
bony ridge to support the implant. Implants 
will be at a high risk for failure if the implant 
is not placed into bone of sufficient quality and 
quantity [111, 114]. Primary stability is also a 
requirement for osseointegration. A number of 
bone classification systems have been devel-
oped to aid the clinician in implant planning. 
Leckholm and Zarb distinguished between type 
I bone as compact cortical bone, type II as dense 
trabecular and cortical bone, type III as dense 
trabecular bone with thin cortical bone, and type 
IV as low-density trabecular bone surrounded by 
thin cortical bone [115]. Seibert created a clas-
sification system for the shape of the defect in 
edentulous sites [116]. A class I defect entails a 
loss of defect width, class II is a loss of defect 
height, and class III is a loss of both width and 
height. The maxilla typically has less dense 
bone than the mandible, and the posterior jaws 
are typically less dense than the anterior regions. 
As a result, the mandible typically has higher 
implant success rates and the posterior maxilla 
has higher failure rates [117].
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The condition of the soft tissue is another crit-
ical variable for implant therapy. The soft tissue 
crevice around implants does not compare well to 
the highly differentiated attachment apparatus of 
healthy teeth. As a result, the mucosal periphery 
surrounding implants lacks the resistance against 
bacterial infection, resulting in inflammation of 
the healthy periodontium. In addition, some stud-
ies emphasize the need for a keratinized mucosa 
surrounding implants. The lack of keratinized 
tissue (gingiva) surrounding teeth has been dem-
onstrated to result in inflammation, recession, 
and even tooth loss [118]. It is not clear to what 
extent the presence of a keratinized mucosa is a 
requirement for implant health. Wennström dem-
onstrated that health can be maintained around 
both implants and teeth that do not have keratin-
ized mucosa [119]. These results were obtained 
in patients with adequate homecare and periodic 
professional cleanings. Others have reported a 
greater degree of plaque accumulation and muco-
sal inflammation even though the lack of kera-
tinized mucosa did not affect implant survival 
[120]. Block et  al. demonstrated that a lack of 
keratinized mucosa was associated with crestal 
bone loss of 2 mm or more and that the presence 
of keratinized mucosa was directly correlated 
with soft and hard tissue health [121]. Therefore, 
the lack of keratinized mucosa due to anatomical 
or surgical conditions may affect implant health.

Surgical trauma during implant placement 
should be minimized in order to maximize the 
likelihood of proper healing. Bone is a living tis-
sue, sensitive to heat, and overheating of bone 
during the preparation of the site for an implant 
can lead to necrosis [122]. The clinician must use 
the proper drilling sequence, and cooling aids to 
minimize trauma to the bone. Occasionally, the 
surgeon will inadvertently create a fenestration 
in the bone, resulting in a direct contact between 
implant and soft tissue during healing [111]. Such 
a condition may negatively impact the osseointe-
gration of the entire implant.

Reports of bacteria associated with failed 
implants underscore the need for rigorous aseptic 
surgical conditions during implant therapy. An 
aseptic surgical field will help minimize bacterial 
contamination and will result in lower implant 

failure rates as well [111]. The widespread trend 
for implants to be placed by practitioners lacking 
proper surgical training may thus be one contrib-
uting factor to the rise in peri-implant disease. 
It is recommended that any practitioner placing 
implants uses sterile instruments, proper draping, 
and careful handling of the implant after removal 
from its package.

The flapless strategy for implant placement 
has become a popular surgical technique due to 
its simplistic approach and potential for better 
healing and esthetics. This technique typically 
entails creating a small hole in the soft tissue 
and then preparing the implant bed through this 
hole. Other benefits of this approach include less 
post- operative pain and less trauma to bone and 
soft tissue [111]. Froum et al. conducted a study 
comparing flapless and flap protocols for implant 
placement [30]. Contrary to popular belief, there 
was no difference in bone levels, probing depths, 
bleeding on probing, or papilla height 8  years 
after implant placement. The authors concluded 
that both protocols were equally successful. 
However, with advances in radiology and three- 
dimensional implant planning, it is feasible to use 
the flapless protocol as long as proper surgical 
technique is exercised.

Two approaches toward implant placement 
are commonly distinguished: the one-stage and 
the two-stage protocol. The one-stage protocol 
entails placing an implant and a transmucosal 
healing abutment at the same time. This allows 
the implant to osseointegrate and the surrounding 
tissue around the abutment to heal. With the two- 
stage protocol, the implant is buried underneath 
soft tissue and later uncovered for the attach-
ment of a healing abutment. The benefits to the 
one- stage protocol are reduced time, money, and 
surgical trauma [111]. The healing abutment also 
allows for the early formation of a mucosal bar-
rier while the implant is healing. The drawbacks 
to the one-stage protocol are the potential for bac-
terial contamination of the implant during heal-
ing and the potential for trauma to the implant 
by the patient. With the two-stage protocol, the 
implant is allowed to completely integrate prior 
to its exposure to the bacterial flora and mechani-
cal forces of the oral cavity. Several studies have 
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reported a decreased risk of implant failure using 
the two-stage protocol; however, since the two- 
stage protocol involves additional time, money, 
and surgical trauma, it is up to the patient to 
choose one option over the other [123, 124].

A third surgical approach toward implant 
placement involves placing the implant into a 
fresh extraction socket and is commonly referred 
to as an immediate implant [111]. Benefits of this 
approach include a reduced number of surgeries 
and a faster result when compared to conven-
tional therapy. The drawbacks to this procedure 
include increased risk of infection, low bone 
to implant contact, more bone resorption, and 
a higher risk of implant failure [125]. It is also 
likely that implant placement on the same day 
will further traumatize the alveolar ridge and the 
surrounding soft tissue after already suffering 
initial trauma due to the tooth extraction proce-
dure. This enhanced trauma on the surrounding 
bone and soft tissues are likely the cause for the 
increased bone resorption and failure rates asso-
ciated with immediate implant placement ver-
sus delayed implant placement [126]. A benefit 
to immediate implants that is worth noting is 
the ability to create a temporary crown or cus-
tom healing abutment on the implant. This will 
help to preserve the soft tissue dimensions that 
were present around the tooth prior to extraction. 
Nonetheless, implants placed using the immedi-
ate approach are more prone to implant failure 
than implants placed using delayed strategies.

Surgical technique is especially important to 
remove inflammatory tissues from the implant 
site prior to implant placement. One example 
are the periapical lesions that often occur at the 
apex of extracted teeth. Proper surgical protocol 
requires thorough debridement and cleaning of 
the lesion prior to implant placement. However, 
many dentists have successfully placed imme-
diate implants in sockets containing periapical 
lesions, and randomized controlled trials have 
shown similar failure rates when implants were 
placed immediately in sockets with periapical 
lesions compared to those placed in healthy sock-
ets [127, 128]. However, a concern about primary 
stability and osseointegration in such inflamed 
sites remains. Interestingly, a periapical lesion 

on a tooth adjacent to the implant poses a high 
risk for infection around the apex of the implant 
[129]. Thus, proper surgical site preparation is 
an important strategy to prevent future implant 
infection and failure.

9.6  Etiology: Cement

The prosthetic components that attach to an 
implant comprise an abutment, which screws 
directly onto the implant, and a crown or bridge 
prosthesis. Two types of implant surgeries are 
generally distinguished: the one-stage and the 
two-stage implant procedure. For the two-stage 
implant, the prosthesis is cemented onto the abut-
ment in the clinic, while for the one-stage implant, 
the prostheses including the abutment are fab-
ricated as one piece in the lab. The one- piece 
prosthesis is also referred to as screw- retained 
implant since it can be screwed directly into the 
implant without the need for dental cement. Both 
cement and screw-retained prostheses are used 
routinely in the dental office, but some dentists 
prefer the cement-retained approach since it is 
typically more affordable. The screw-retained 
prosthesis is distinguished by a hole in the final 
crown for access to the screw. The location of 
the screw access hole relies heavily on proper 
implant placement so that the hole does not affect 
the cosmetics or function of the restoration.

The drawbacks to a cement-retained pros-
thesis include difficulties for crown removal 
after cementation and a potential for extrusion 
of excess cement into the surrounding tissue. 
This excess cement is very difficult to remove 
and may be inadvertently left embedded in the 
soft tissue. In 1999, Pauletto et al. reported four 
cases in which excess cement was associated 
with inflammatory lesions around the implants 
[130]. Deep probing depths, bone loss, and 
purulence were noted during surgical removal 
of the excess cement, and the lesions resolved 
after cement removal. Another case report dem-
onstrated implant failure that occurred 1 month 
after crown cementation [131]. During surgical 
removal of the failed implant, significant bone 
loss was detected adjacent to an area with excess 
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cement and inflamed granulation tissue. Wilson 
conducted a case-control study in which he com-
pared 42 test implants with peri-implantitis to 20 
healthy control implants [48]. He used a dental 
endoscope to explore the condition of the peri- 
implant mucosa. Excess cement was found in 
none of the controls and in 34 of the test sites. 
30 days after removal of excess cement, 25 of 33 
test sites had no clinical signs of inflammation. 
The author concluded that excess cement was 
associated with peri-implant disease.

Burbano et al. studied 19 human biopsies that 
were taken from implants with peri-implantitis 
and cement-retained crowns [51]. These biopsies 
were analyzed using scanning electron micros-
copy and elemental analysis in order to determine 
the presence of dental cement embedded in the 
soft tissue. All 19 of the specimens displayed evi-
dence of cement in the soft tissue, and findings 
were correlated with five different commercially 
available cements. Penarrocha-Oltra et al. studied 
the presence of different bacteria present around 
screw-retained and cement-retained implants 
[132]. After sampling 55 cement- retained 
implants and 46 screw-retained implants, the 
authors detected a significantly higher bacterial 
load in the cement-retained group.

An in vitro study by Rodriguez et al. studied 
the effects of different dental cements on human 
gingival fibroblasts (soft tissue–forming cells) 
and on pre-osteoblasts (bone–forming cells) 
[133]. In this study, various dental cements dis-
played only minute effects on pre-osteoblasts, 
while effects on fibroblasts were significant. 
There was a statistically significant decrease in 
the number of human gingival fibroblasts when 
exposed to all cements with a singular excep-
tion. The cement with a lesser effect on fibro-
blasts contained zinc oxide noneugenol, with 
the trade name “Temp-Bond.” Studies reviewed 
so far indicate that dental cement affects soft tis-
sue health, bacterial load, and bone height in the 
implant periphery. The effect of cement on soft 
tissue inflammation would suggest a correlation 
between cement and implant failure; however, 
three different controlled clinical studies reported 
no correlation between cement-retained crowns 
and implant failure [134–136]. Thus, excess 

cement may have an effect on implant health, but 
not necessarily on implant failure.

9.7  Etiology: Titanium Allergy

Since its inception, titanium has been regarded 
as an extremely inert and biocompatible mate-
rial. However, more recently, titanium has been 
associated with allergies, foreign body reactions, 
and particle release (Fig. 9.6). Reports related to 
allergic reactions to titanium have been on the 
rise [137]. The most common allergic reactions 
to titanium including types I, III, and IV. Type I 
hypersensitivity reactions are reactions in which 
the patient has been previously exposed to the 
allergen (i.e., titanium) and will mount a specific 
immune response to the allergen via IgE antibod-
ies upon secondary exposure. This classic aller-
gic reaction typically occurs within a short period 
of time. Type III hypersensitivity reactions are 
characterized by an excess of antigen-antibody 
complexes, which the body is unable to clear 
them from an affected area. This type of reaction 
develops within days or weeks. Type IV hyper-
sensitivity reactions are cell-mediated and not 
antibody-mediated. Cell-mediated immune reac-
tions occur when T helper cells recognize an aller-
gen and secrete cytokines that cause a chain of 
events to occur. As a result of this immune reac-
tion, the environment is infiltrated with aggres-
sive and destructive cells such as macrophages, T 
lymphocytes, and mast cells, which cause dam-
age to the surrounding area. Type IV reactions are 
delayed and take several days to develop.

Several authors have reported allergic reac-
tions against orthopedic titanium implants asso-
ciated with implant failure [137]. Examples 
include allergic symptoms in patients after the 
placement of titanium plates for fixation of bone 
fractures [138]. These patients were character-
ized by discoloration and titanium fragments 
surrounding these titanium plates as well as T 
lymphocytes and macrophages indicative of a 
type IV reaction in the proximity of the fracture 
prosthesis. In another study in patients with fail-
ing prosthetic hips, tissue samples once more 
contained T cells and macrophages indicative of 
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a type IV allergic reaction [139]. Interestingly, all 
five of these patients revealed a negative result to 
a skin patch test using titanium. However, a tita-
nium ointment test yielded positive results in two 
of these patients [139].

A cohort study evaluated 1500 implant patients 
in Spain for potential titanium allergies [140]. 
Thirty-five of these patients were suspected of 
having a titanium allergy based on a history of 
multiple allergies and a clinical appearance of 
an allergic reaction. Sixteen of these patients 
displayed allergic symptoms after implant place-
ment or unexplained implant failure. Nine of 
these patients displayed positive reactions to a 
titanium allergy tests. Based on these findings, 
the authors calculated an estimated titanium 
allergy prevalence of 0.6% [140].

Implant surface modifications may further 
affect the allergic effects of titanium implants on 
surrounding soft tissues and bone. For example, 
a titanium nitride–coated implant abutments has 
been associated with an allergic reaction, and the 
allergic reaction subsided after the removal of the 
titanium nitride abutment [141]. There have also 
been reports of exfoliative cheilitis (exfoliation of 
the lips) after implant placement [142]. Implant 
placement has also resulted in facial eczema, while 
implant removal resolved the eczema, confirming 
the positive relationship between implant materi-
als and allergic reactions [143]. These allergic 
reactions are somewhat surprising in light of the 
widespread use of titanium oxide in dermatological 
products, toothpaste, icing, salad dressing, chewing 
gum, candy, milk, tattoo ink, and paints [144].

Periimplantitis –
Etiology due to
Materials
Properties

Titanium Oxide Surface
Delamination

Fracture and additional
particle release

IgEs Mast cells Histamines

Particles release and
distribution to
distant organs

IL-1β, IL-6, TNF-α
Inflammatory cytokines

Titanium Allergy

Foreign Body Reaction

Titanium Particles

Fig. 9.6 Factors causing peri-implant disease related to 
the materials properties of the titanium surface. Several 
factors directly related to the metal implant and its major 
component, titanium, that have been attributed to play a 

significant role in the etiology of peri-implant disease, 
including implant surface delamination, titanium parti-
cles, foreign body reaction, and titanium allergy
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9.8  Etiology: Foreign Body 
Reaction

All titanium implants trigger foreign bodies in 
humans, regardless how well they might integrate. 
The “zone of tolerance” between the bone and 
the implant provides an equilibrium between the 
implant and the human body [145]. In some cases 
this equilibrium is shifted from normal osseointe-
gration to a foreign body reaction. Supportive of 
the concept of the implant as a foreign body, a study 
comparing the levels of periodontal pathogens and 
pro-inflammatory cytokines around healthy teeth 
and healthy implants demonstrated approximately 
twice as many pro-inflammatory cytokines around 
healthy implants as around healthy teeth [146]. 
The most prominent cytokines around implants 
included IL-1ß, IL-6, IL-8, and TNF-α. Cytokine 
levels in the periphery of healthy teeth and implants 
were higher when bacteria were detected.

The presence of bacterial plaque around fail-
ing dental implants makes it difficult to determine 
with certainty whether inflammatory reactions in 
the implant periphery are due to foreign body reac-
tions or microbial-triggered inflammation caused 
by dental plaque. In contrast, orthopedic implants 
are not exposed to a microbe-rich environment 
and thus are fairly free of bacterial contamination. 
Loss of osseointegration in orthopedic implants is 
thus due to some form of “foreign body reaction.” 
[147] Albrektsson et al. claim that initial marginal 
bone loss around implants is a reaction to treatment 
and not a disease process [148]. They state that the 
initial foreign body response can be sustained and 
aggravated, leading to significant bone loss and 
implant failure. In these cases, once severe bone 
loss has occurred, a secondary bacterial infection 
may follow. The authors suggest that marginal bone 
loss around an implant should not be regarded as 
a periodontitis-like disease, but instead as a “dis-
balance” caused by a foreign body response.

9.9  Etiology: Titanium Particles

The foreign body reaction against a titanium 
implant may either be directed against the entire 
implant or against the small titanium particles 

on the implant surface. Titanium ions have been 
located in the tissues surrounding both dental 
and orthopedic implants, and these in turn have 
been associated with tissue discoloration and 
foreign body reactions to these particles [137, 
149]. Once an implant has been placed, the pres-
ence of titanium particles may not be limited to 
the immediate implant periphery but, by ions, 
may also migrate to distant organs through the 
blood vessels in the nearby soft tissue and bone. 
One study reported a slight increase in titanium 
within the lungs and regional lymph nodes after 
implant placement in sheep mandibles [150]. 
Two of these implants failed, resulting in a much 
higher level of titanium in the lungs and lymph 
nodes (7–9.4 times the levels in controls). In the 
orthopedic literature, numerous articles have dis-
cussed the possibility of metal debris traveling to 
distant organs, often referred to as “metallosis.” 
[147, 151] A study on human cadavers with joint 
replacements determined metallic wear particles 
in the lymph nodes near the aorta in 68% of the 
patients [152]. An additional 38% had metallic 
particles in their liver and/or spleen. These par-
ticles were detected in aggregates surrounded by 
macrophages, a cellular response to rid the body 
of debris. These particles were more prevalent 
in patients with failed implants, similar to the 
findings in the sheep mandible study mentioned 
above.

Titanium particles can be released from the 
implant surface in numerous ways. Titanium can 
simply dissipate from the implant surface during 
and after placement, it can flake off of the implant 
due to mechanical forces, and it can exfoliate 
due to oxidative corrosion of the implant surface. 
Titanium particles released from implants vary in 
size from small ions to large titanium pieces [152].

It is not clear whether titanium exfoliates from 
the implant during surgical placement. Most mod-
ern-day implants have a surface that is treated and 
roughened, a process which has the potential to 
facilitate the exfoliation of small pieces of tita-
nium. Senna et al. inserted three different implant 
designs (Nobel, Straumann, and Astra) into bovine 
ribs to evaluate the presence of loose titanium par-
ticles [153]. In this study, all three implant designs 
revealed a decrease in both surface area and  
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surface roughness after insertion into bone. Loose 
titanium and aluminum particles were observed, 
mainly at the crestal portion of the bone. A sepa-
rate study on the titanium plasma sprayed (TPS) 
implant surface reported titanium granules in the 
soft tissue and bone after implant insertion [154]. 
Suarez et  al. studied five different implant sur-
faces with the outcome that the grit blasted sur-
face resulted in the greatest degree of titanium 
exfoliation during placement into bovine ribs 
[155]. Sridhar et al. simulated surgical placement 
of Straumann dental implants into foam blocks 
of varying densities designed to match different 
bone densities seen in the mouth [50]. The authors 
of this study reported that implant insertion did 
not result in exfoliation of titanium particles into 
the surrounding osteotomy site.

Localization of titanium particles in tis-
sues surrounding implants poses the question 
whether particles were exfoliated during or after 
implant placement. Some studies have detected 
titanium particles in the surrounding soft tissue 
after the implant has been in function. Olmedo 
et al. conducted exfoliative cytology of the peri-
implant mucosa and detected metal particles 
embedded in the soft tissue of both healthy and 
diseased implants [156]. The diseased implants 
displayed a higher concentration of metal within 
the soft tissue. Another study screened the 
plaque around healthy and diseased implants 
for titanium particles [157]. All of the implants 
screened displayed titanium particles within the 
plaque, but the diseased implants exhibited sig-
nificantly more titanium per unit area of plaque. 
However, it is not clear whether these titanium 
particles were exfoliated during implant place-
ment, as a result of metal fatigue, or simply dis-
solution of the titanium surface over time.

A phenomenon known as fretting corrosion 
occurs at the interface of two closely fitting 
surfaces when they are subjected to repeated 
micro- motion or vibration [151]. In the dental 
field, fretting corrosion may occur between the 
implant and the abutment that is attached to it 
[158]. Modern implant designs have attempted to 
minimize this micro-motion [159]. A very small 
gap between the implant and abutment, known as 
the microgap, allows for metal fatigue over time.

Fretting corrosion results in surface irregu-
larities on both the implant and the abutment and 
leads to metal exfoliation into the surrounding 
tissue. When metal-on-metal wear occurs, there 
is a chance that the titanium oxide layer on the 
implant will be mechanically destroyed [151]. 
The implant will then be at risk for true oxida-
tive corrosion, and only a newly formed titanium 
oxide layer on the implant surface would coun-
teract oxidative corrosion. Tawse-Smith et  al. 
collected exfoliative cytology samples from the 
tissue of implants restored with zirconia abut-
ments and crowns [160]. Elemental analysis 
revealed that in these samples, high numbers of 
titanium particles were present at the implant 
abutment interface and in the soft tissue adjacent 
to the crown. Other studies demonstrated that the 
implant is at risk for a galvanic reaction between 
dissimilar metals when nonprecious metals are 
used for the abutment, resulting in corrosion and 
a loss of the titanium oxide layer [161].

The original Brånemark implants were made 
of commercially pure titanium, while modern 
implants are alloyed with other metals, includ-
ing iron, aluminum, and vanadium. Iron is added 
for corrosion resistance, aluminum is added for 
increased strength, and vanadium acts as an alu-
minum scavenger to prevent corrosion [162]. 
Steineman has demonstrated that titanium alloys 
(TiAlV) are not as well integrated as pure tita-
nium and have an enhanced corrosion rate [145]. 
According to Khan, titanium alloys have a bet-
ter combination of corrosion and wear resis-
tance, while pure titanium shows better corrosion 
resistance but inferior wear characteristics [163]. 
Modern titanium alloys are touted to be highly 
resistant to corrosion, but the extent to which 
stress and wear accelerate the corrosion rate of 
titanium remains understudied [24].

Continuous loading, micro-motion, and acidic 
environments may result in a permanent loss of 
the titanium oxide (TiO2) layer on the implant sur-
face and eventual corrosion of the implant [158]. 
Oxidative corrosion involves losing metal due to 
a chemical reaction that takes place with an elec-
trolyte or acid as the metal repassivates or reforms 
an oxide layer [151]. Tribocorrosion refers to the 
combination of both fretting corrosion and oxida-
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tive corrosion. With metals in general, this phe-
nomenon occurs either along the entire surface or 
only in select locations. Typically, the majority 
of the titanium implant is stable and only a select 
area that lost its TiO2 layer will experience cor-
rosion. This phenomenon is referred to as pitting 
corrosion since it forms small pits in the areas that 
experience corrosion. Olmedo et al. installed both 
sterile titanium implants and implants with pit-
ting corrosion into rat tibiae [164]. The implants 
with pitting corrosion displayed decreased bone–
implant contact, and corrosion products were 
detected within the bone.

The microbe-rich oral cavity constitutes a 
challenging environment for implant placement, 
completely different from the sterile environ-
ment that prevails during the placement of ortho-
pedic implants. Dental implants are constantly 
exposed to a variety of insults on a daily basis. 
Dental implants are susceptible to corrosion once 
exposed to an acidic environment and in the pres-
ence of micro-motion. There are two known situa-
tions in the oral cavity in which a dental implant is 
exposed to an acidic environment: acidic byprod-
ucts of oral bacteria and decontamination solu-
tions used by the dentist or patient [165, 166].

Lactic acid is a waste product of the oral bac-
terial metabolism. The release of lactic acid may 
result in dental caries, gingivitis, periodontitis, 
or, in this case, peri- implantitis. Sridhar et  al. 
immersed sterile dental implants into either a bac-
terial medium or a control medium in vitro [166]. 
In this study, the bacteria created a sustained acidic 
environment, leading to discoloration, deforma-
tion, corrosion, pitting, and rusting of the implant 
surface. In a follow-up study by the same authors, 
physiological mechanical forces on the implant 
in combination with a bacterial medium resulted 
in accelerated corrosion and dissolution of metal 
ions [159]. These results were corroborated by a 
University of Washington study that detected ele-
vated levels of titanium within the plaque around 
implants with peri-implantitis when compared to 
the plaque around healthy implants [157]. In an 
in vitro study, implants were exposed to healthy 
human saliva for incremental lengths of time, 
resulting in significant dissolution of metallic par-
ticles already after 1  week [167]. Interestingly, 

trace amounts of vanadium were detected as well, 
questioning the stability of the TiAlV alloy used in 
modern implants.

Acidic medicaments used to decontaminate 
the implant surface provide another potential 
mechanism for implant corrosion. Wheelis et al. 
conducted an in  vitro study to evaluate the cor-
rosive effects of several detoxification solutions 
on Ti and TiAlV dental implants [165]. The solu-
tions included citric acid, hydrogen peroxide, 
chlorhexidine gluconate, tetracycline, doxycy-
cline, sodium fluoride, peroxyacetic acid, and 
CO2 laser treatment. The treatments consisted of 
either immersing the implant in the solution or 
rubbing the implant with a cotton swab soaked 
in solution. Implants that were immersed in a 
solution with a pH less than three displayed cor-
rosion and pitting of the implant surface. The 
authors also noted a color change in the acidic 
solutions, suggesting that titanium exfoliated 
from the implant. When rubbing was used, any 
solution with a pH less than 5.5 caused signifi-
cant discoloration and pitting. The cotton swabs 
after solution administration contained remnants 
of titanium. Commercially pure Ti displayed less 
corrosion compared to the TiAlV alloy when sub-
jected to the immersion protocol. These results 
suggest that the safest treatment modalities for 
implant surface decontamination include sodium 
fluoride and 3% hydrogen peroxide application as 
well as CO2 laser treatment. Chlorhexidine may 
be applied to the implant surface but may lead to 
corrosion if it is burnished with a cotton swab.

Another source for titanium particles may be 
due to implant surface delamination. Delamination 
refers to the exfoliation or cleavage of a portion 
of the implant surface, resulting in the forma-
tion of a large titanium layer in the vicinity of 
the implant surface and exposure of the under-
lying implant body to corrosive environments. 
Rodrigues et al. reported corrosion in conjunction 
with surface delamination in both orthopedic and 
dental implants [158, 168]. Delamination of den-
tal implants may be caused by micro-motion in an 
acidic environment, resulting in the exposure of 
the inner titanium body and accelerated dissolu-
tion [158]. After implant surface delamination, the 
underlying titanium body is unable to form a tita-
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nium oxide layer if it is not exposed to oxygen. This 
results in a highly reactive surface that will interact 
with nearby acids and electrolytes in order to sta-
bilize. Sridhar et al. determined that cyclic occlusal 
forces may result in surface delamination as well, 
providing additional evidence for the occurrence of 

micro- motion and fretting corrosion as causative 
factors for implant disintegration [159].

Based on the present data, there are several 
mechanisms contributing toward titanium den-
tal implant corrosion (Fig. 9.7). At this point, it 
is not clear whether a corroded implant surface 

a b

c d

Fig. 9.7 Microscopic 
structure of a titanium 
implant surface 
(straumann standard 
plus implant). (a, b) are 
light micrographs and 
(c, d) are scanning 
electron micrographs. 
The arrow points to the 
roughened implant 
surface structure
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is compatible with a healthy implant. However, 
there is emerging evidence suggesting that for-
eign particles embedded in the tissue provoke 
an inflammatory response. A study of orthope-
dic implants has demonstrated that metal debris 
trigger inflammation in  vivo [169]. Wilson 
et al. obtained soft tissue biopsies around den-
tal implants with peri-implantitis and evaluated 
them with light microscopy and SEM [49]. In 
this study, titanium and/or dental cement were 
detected in 34 of 36 biopsies, and particles were 
surrounded by plasma cells, giant cells, and 
other inflammatory cells. Another study dem-
onstrated that titanium debris trigger a DNA 
damage response in oral epithelial cells [155]. 
Together, these studies suggest that foreign 
debris around titanium implants are not well 
tolerated and provide a baseline explanation for 
dental implant failure.

9.10  Summary: 
Osseointegration—Wishful 
Thinking or Oxymoron?

In the early years of implantology, osseointe-
gration was the perfect term for the seemingly 
ideal junction between a living tissue, bone, and 
a block of metal, titanium. However, decades 
later, research demonstrated that the very inter-
face between bone and metal became the cause 
for biological reactions against titanium par-
ticles and inflammation of the surrounding tis-
sues, ultimately leading to bone loss and implant 
failure. While until today approximately 80% 
of all implants are considered clinically suc-
cessful, even after 10  years, dentists are now 
seeking clinical solutions to treat peri-implant 
disease, how to prevent per-implantitis in the 
first place, and asking the question how safe tita-
nium implants are for the health of their patients 
overall. While titanium implants remain a highly 
successful and lucrative treatment option, it is no 
longer clear whether the concept of osseointe-
gration truly reflects the highly reactive interface 
between bone and titanium over the long time 
period of their exposure to the oral cavity.
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The term “microbiome” refers to the whole com-
munity of microorganisms as well as the envi-
ronmental conditions and their functions and 
interactions that live in different habitats of the 
human body. Although in most places the coin-
age of the term is assigned to Joshua Lederberg 
[1], as early as 1988 Whipps JM et al. gave the 
first formal definition of the term: “A convenient 
ecological framework in which to examine bio-
control systems is that of the microbiome. This 
may be defined as a characteristic microbial 
community occupying a reasonably well-defined 
habitat which has distinct physio-chemical prop-
erties. The term thus not only refers to the micro-
organisms involved but also encompasses their 
theatre of activity.” [2].

The oral cavity contains one of the most diverse 
microbiomes in the human body, in part because it 

provides significantly different niches that select 
for a different set of microorganisms. Of all bacte-
rial species identified by the Human Microbiome 
Project, 26% were oral associated. Only the 
Gastrointestinal (GI) tract had a slightly higher 
number (Fig. 10.1) [3]. The microbial diversity of 
the oral cavity it is not just restricted to bacteria, 
a wide range of other microorganisms inhabit the 
human oral cavity, including fungi [4], viruses [4–
6], archaea [7], and protozoa [8]. The oral micro-
biome forms a complex ecological community 
that influences oral and systemic health. The most 
common oral diseases, dental caries, and peri-
odontal disease are microbiome-driven diseases. 
Recent studies have suggested that patients with 
longstanding periodontal disease are at higher 
risk of suffering systemic conditions such as dia-
betes, cardiovascular, respiratory diseases, and 
cancer as well as adverse reproductive outcome 
[9, 10]. The current control of dental plaque–
related diseases is non-specific and is centered 
on the removal of plaque by mechanical means. 
However, due to our increasing understanding of 
the role that the oral microbiome plays in health, 
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the goal should be to develop methods based on 
the control of the microbiome aiming to maintain 
a healthy oral community instead of removing the 
whole microbial biofilm. This section of the book 
focuses on the modulation of the microbiome as a 
way of maintaining periodontal health.

To the newcomer, it might look that the study 
of the human microbiome did not exist before the 
establishment of the Human Microbiome Project 
by NIH. However, in the case of the oral microbi-
ome, nothing could be further from the truth. The 
reason may be that the term “microbiome” was 
not in use when those studies were performed. 
In fact, among the first observations performed 
by Antonie van Leeuwenhoek using the simple 
microscope is the description of organisms of the 
oral microbiome [11].

Clinical needs drove the early studies on micro-
biology, and the early stage of development in 
oral microbiology was not an exception. The first 
comprehensive effort to describe the oral microbi-
ome was made by W. D. Miller (1853–1907). He 

studied at the University of Ann Arbor, Michigan, 
and graduated as Doctor of Dental Surgery from 
the Philadelphia Dental College. In Berlin, he 
continued his studies, especially in microbiology. 
Between 1881 and 1907 Miller published more 
than 150 scientific articles, but his most famous 
work was the book The Micro- Organisms of the 
Human Mouth: The Local and General Diseases 
Caused by Them, which was first published in 
German in 1889 [12]. Miller recognized the criti-
cal elements for our modern concept of the etiol-
ogy of dental caries: an acidic environment and 
the presence of specific microbes. However, it 
was JK Clarke in 1924 who the first to isolate a 
bacterial species from dental caries. The micro-
organism was named Streptococcus mutans and 
was shown to be capable of fermenting several 
sugars and producing a pH of 4.2 in glucose broth 
[13]. The other significant infectious human oral 
disease is periodontitis, the sixth most prevalent 
disabling health condition in the world, affecting 
743 million people worldwide [14]. One of the 
early achievements in oral microbiology was the 
association between the accumulation of dental 
plaque and oral diseases. Dental plaque was one 
of the first samples described in detail by Antony 
van Leeuwenhoek, showing a highly diverse com-
munity with organisms presenting different mor-
phologies and movement [11]. However, it was 
not until 1898 that G.V. Black and J.L. Williams 
linked the activity of the oral biofilm, which they 
described as the “gelatinous microbic plaque,” 
with dental caries [15, 16].

In this chapter, we will briefly describe the 
role that the oral biofilm plays in health and 
disease, with particular emphasis on the new 
knowledge we have acquired in the last few years 
thanks to the application of new technologies 
such as next-generation sequencing (NGS) tech-
niques to the study of the oral microbiome. The 
final goal would be to manipulate the oral micro-
biome to the host’s advantage. However, we are 
not near that goal in part because understanding 
the biological properties that confer stability to 
the microbiome is a highly challenging task due 
to the enormous microbial diversity and interac-
tions between microbes and host. If we want to 
manipulate the oral microbiome to our advan-
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Fig. 10.1 The percentage of bacterial species distribu-
tion by body site. This figure shows the distribution by 
body site of bacteria that have been sequenced under the 
Human Microbiome Project (HMP). In red, the percent-
age of species in the oral cavity. (Reproduced from The 
NIH HMP Working Group et al. 2009. The NIH Human 
Microbiome Project. Genome Res. 19(12): 2317–2323)
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tage, we should understand the kind of interac-
tions that occur in the oral cavity and their role in 
the stability of the oral microbiome.

10.1  The Oral Microbiome 
in Health

The oral ecosystem is a very complex system 
with several significantly different niches that 
lead to very different communities on various 
surfaces of the oral cavity [17–19]. Through 
antagonistic as well as mutualistic inter-species 
interactions, an ecological balance is reached 
that allows maintaining these complex microbial 
communities. Disruptions in the equilibrium of 
this ecosystem may lead to the changes in species 
composition and function that could lead to the 
development of oral disease [20, 21]. A transition 
from a commensal to a pathogenic oral microbi-
ome causes an imbalance of oral homeostasis, a 
phenomenon called “dysbiosis” [22].

Until recently, most of the efforts in studying 
the human microbiome have been focused on 
the pathological aspects of specific organisms. 
However, there has been an enormous shift in the 
way we perceive the role of the microbiome, and 
we have now started to move from a pathogen- 
centric view of the microbiome to the idea that 
preserving a “healthy” microbiome could prevent 
the development of infectious diseases. We now 
know that the commensal microbiota plays an 
essential role in maintaining oral and systemic 
health and that a healthy oral microbiome exerts 
its functions on a series of different strategies.

The mere presence of the healthy oral biofilm in 
the oral cavity inhibits colonization by pathogens. 
The host-associated microbial communities inter-
fere with the colonization and establishment of 
microbes of foreign origins through a phenomenon 
known as bacterial interference or colonization 
resistance [23]. Several mechanisms have been 
proposed to explain the colonization resistance, 
including stimulating the host immune response 
against invaders, competition for substrates and 
host-binding sites, and generating a microenvi-
ronment that is inhibitory to potential competi-
tors [23]. One of the features that characterize the 

classical pathogens is their ability to overcome 
“colonization resistance” by using their arsenal 
of virulence factors. The example of the impor-
tance of “colonization resistance” as a mechanism 
to maintain health can be seen in the disruption 
of the oral microbiome by antibiotic treatments. 
Immunosuppressed patients or patients with diabe-
tes all of which have an altered oral microbiome 
that allow for colonization by opportunistic patho-
gens such as Candida [24], Staphylococcus aureus 
[25, 26], and enterococci [26, 27].

One significant and less studied aspect of 
maintaining a healthy oral microbiome is the 
effect that it may have on other body sites away 
from the oral cavity. Thus the oral microbiome is 
an essential player in maintaining low blood pres-
sure by the reduction of nitrate to nitrite, which is 
taken up into the bloodstream via gastric absorp-
tion and converted into nitric oxide. Nitric oxide 
is essential for vascular health and helps to keep 
blood vessels in good health and thus has an anti-
hypertensive effect [28–30]. The essential role of 
oral bacteria has been confirmed by the observa-
tions that the increase in plasma nitrite following 
nitrate ingestion is markedly reduced by the use of 
an antimicrobial mouth rinse [29, 31]. Thus over-
zealous oral hygiene could have negative implica-
tions for what appears to be an essential natural 
mechanism for maintaining cardiovascular health. 
Among the members of the oral microbiome 
members of the genera Veillonella, Neisseria, 
Prevotella, Actinomyces, and Haemophilus are 
the most prevalent taxa isolated and thus may 
make a significant contribution to nitrate reduc-
tion in the oral cavity [32, 33].

10.1.1  Microbial Interactions

In a very comprehensive review, Marsh and Zaura 
define the types of interactions that occur in the 
oral cavity based on an extensive search on the 
PubMed database [34]. They identify two classes 
of significant interactions in health: (1) synergis-
tic interactions, which include enzyme comple-
mentation or sharing, food webs, co- adhesion, 
cell–cell signaling, gene transfer, and modifica-
tion of the environment; and (2) antagonistic 

10 The Function of the Oral Microbiome in Health and Disease



144

interactions, which include bacteriocin produc-
tion, hydrogen peroxide production, organic 
acid production and generation of inhibitory pH 
conditions, bacteriophage release, competition 
for essential nutrients, and predation [34]. One 
of the critical features of the oral biofilm is that 
it presents a well-defined architecture derived 
from specific physical interactions between its 
members [35, 36]. One of the mechanisms by 
which these specific interactions occur is through 
co-adhesion, the adherence of planktonic cells to 
already attached organisms on a surface, facilitat-
ing the formation of multispecies biofilms [37] 
and thus the establishment of food webs and cell–
cell signaling.

In the oral cavity, the primary source of nutri-
ents for the microbiome are host proteins and 
glycoproteins, and these are obtained mainly 
from saliva in supragingival plaque [38, 39] and 
the gingival crevicular fluid (GCF) in subgingi-
val biofilms [40]. Given the diversity of the oral 
microbiome, it is not surprising that bacteria 
cooperate in the degradation of those proteins, 
helping to maintain the complexity of the oral 
biofilm. In general, isolated oral bacteria do not 
grow well in proteins, but the coordinated action 
of proteolytic microorganisms leads to the for-
mation of simpler products that could be used by 
other organisms. Thus the presence of Prevotella 
intermedia supports the growth of Eubacterium 
lentum, Fusobacterium nucleatum, Parvimonas 
micra, and Streptococcus intermedius in serum, 
organisms that do not grow well by themselves 
in the same medium [41]. Moreover, oral bacte-
ria express a wide range of glycosidases, includ-
ing sialidases, N-acetyl-β-d-glucosaminidase, 
β-d- galactosidase, and α-l-fucosidase that could 
result in the complete degradation of host glyco-
proteins [42–45].

10.1.2  Microbial Communication

Communication is one of the critical elements 
in the successful organization of the oral bio-
film. Therefore cell–cell signaling interactions 
are an essential aspect of maintaining a stable, 

healthy microbiome. We now know that many 
bacteria communicate in a process generally 
referred to as “quorum sensing” (QS) and also 
by cyclic dinucleotides as signal molecules 
[46]. QS refers to microbial signaling systen 
that is mediated by molecules secreted by the 
bacteria themselves, and when they reach a 
specific threshold, either the producer or other 
organisms trigger a response [47]. The num-
ber of bacterial taxa harboring QS systems 
has grown to include hundreds of species 
across most known bacterial phyla [48]. QS 
is involved in controlling biofilms formation 
and gene expression in oral bacteria [49, 50]. 
Gram- positive bacteria use peptides as QS sig-
nal molecules, which generally have a narrow 
spectrum of activity. Among those peptides, 
the competence stimulating peptide (CSP) is 
an essential signal in a variety of Streptococcus 
species (S. mutans, S. gordonii, and S. interme-
dius), whose function is to control the levels 
of proteins involved in biofilm formation, com-
petence development, bacteriocin synthesis, 
fraticide, and autolysis [51–55]. Autoinducer-2 
(AI-2) is synthesized by the luxS gene in 
several genera of oral Gram-positive and 
Gram-negative bacteria and is considered a 
“universal language” for inter-species com-
munication. As an example, F. nucleatum AI-2 
significantly enhanced the biofilm growth of 
S. gordonii and attachment of F. nucleatum to 
pre- formed S. gordonii biofilms. By contrast, 
F. nucleatum AI-2 reduced biofilm growth of S. 
oralis and attachment of F. nucleatum to pre- 
formed S. oralis biofilms [56]. Interestingly, 
AI-2 also plays a role in inter-kingdom com-
munication in oral biofilms. Thus the ability of 
a Porphyromonas gingivalis ΔluxS mutant to 
induce an inflammatory response is severely 
impaired in fibroblasts [57]. More recently, 
cyclic dimeric guanosine 3′,5′-monophosphate 
(c-di- GMP), a bacterial secondary messenger, 
has become a molecule of high interest, since 
elevated concentrations of c-di-GMP regulate 
many processes affecting cell wall homeosta-
sis, fatty acid synthesis, and the initiation and 
maturation of bacterial biofilms [46, 58, 59].
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10.1.3  Antagonistic Interactions

The second class of interactions that shape the 
commensal or pathogenic nature of the oral 
biofilm is antagonistic interactions, where one 
of the interacting members of the microbiome 
benefits at the expense of the other organisms. 
Microorganisms synthesize and release antago-
nistic compounds that can give them a competi-
tive advantage during colonization and when 
competing with other microbes. Among those 
compounds, bacteriocins are ribosomally syn-
thesized proteinaceous antibiotics that kill or 
inhibit species closely related to the producer 
bacterium and are produced by a large number of 
non- pathogenic streptococci, which makes some 
of them ideal candidates for development as the 
model probiotic for the oral cavity [60, 61].

Another compound used by the members of 
the oral microbiome in their antagonistic inter-
actions is the production of hydrogen peroxide. 
Oral streptococci can produce growth-inhibiting 
amounts of hydrogen peroxide as a byproduct of 
aerobic metabolism [62, 63]. Although the antag-
onistic effect of streptococcal hydrogen peroxide 
production is well known, its long-term ecological 
effects on shaping the oral microbiome are more 
complicated. At the initial stages of hydrogen per-
oxide production competitors are killed, thus pro-
moting the selection of compatible species into 
the developing biofilm. As a consequence of cell 
lysis, there is a release of DNA into the environ-
ment. This extracellular DNA contributes to the 
stability of the oral biofilm [64–66].

Furthermore, the extracellular matrix protects 
against the activity of antimicrobial compounds 
[22]. Hydrogen peroxide causes DNA damage, 
which in turn could lead to beneficial mutations 
in competent oral streptococci uptake of extracel-
lular DNA. Extracellular DNA could, therefore, 
support adaptation processes to changing envi-
ronmental conditions and promote the evolution 
of oral biofilm development [63]. Additionally, 
there may be varying concentrations of hydrogen 
peroxide in different regions of the biofilm, and 
the balance between a healthy microbiome and 
dysbiosis may be the result of multiple antago-
nistic microbial interactions.

10.2  Composition and Function 
of the Commensal Oral 
Microbiome

A wide range of microorganisms colonize the 
human oral cavity. Besides, bacteria and fungi, 
Archaea, viruses, and protozoa are part of a 
healthy microbiome [4]. Given the vast number 
of different organisms, we will focus our inter-
est on the “bacteriome” (subsequently referred to 
as “microbiome”) because it is the best described 
of the communities in the human microbiome in 
general. Current knowledge on the role of fungi, 
viruses, and protozoa as part of a healthy oral 
microbiome is beyond our goals for this chapter.

We can distinguish between two types of com-
munities that can be found in the oral microbiome: 
the indigenous community, which is characterized 
by bacterial species that are found in virtually 
every human adult of all populations, irrespec-
tive of environmental conditions; and the transient 
exogenous bacteria, which are members of the 
community that are detected in the oral cavity but 
whose natural habitat is other [27, 67]. To distin-
guish between transient species and endogenous 
species, we cannot directly rely on human sam-
pling studies. Rather, it has to come from compar-
ing the human studies with environmental studies 
to determine the frequency with which clones of a 
particular genus are recovered as host associated 
or the environment associated [67–70].

Fortunately, there is vast wealth of knowledge 
related to the composition of the indigenous flora 
in the oral cavity compared to our understanding 
regarding other body sites, in significant part due 
to the pioneer work of people such as F. Dewhirst, 
B. Paster, S. Socransky, and A. Hafajjee [67–73]. 
The HMP assessed microbiome composition of 
nine intraoral sites (buccal mucosa, BM; hard pal-
ate, HP; keratinized gingiva, KG; palatine tonsils, 
PT; saliva, Sal, subgingival plaque, SubP; suprag-
ingival plaque, SupP; throat, Th; and tongue dor-
sum, TD) showing that the oral habitat is the most 
stable of all sites in the human body [74]. Specific 
genera are present in all oral sites, as shown in 
Fig.  10.2. Members of the genera Streptococcus, 
Gemella, Veillonella, Haemophilus, Neisseria, 
Porphyromonas, Fusobacterium, Actinomyces, and 
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Prevotella can be found in all oral sites of a healthy 
person [68, 74–77]. Despite those similarities, the 
oral microbial composition is well differentiated 
by niche location. Certain species are only found 
at significant levels in a particular location of the 
oral cavity, as indicated in Fig. 10.2b. For instance, 
Corynebacterium and Kingella represent a sub-
stantial fraction of the microbiome in the subgingi-

val and supragingival biofilm while members of the 
genus Granulicatella are absent in those sites and 
present in the rest of sites studied [77]. However, 
what defines the different niches in the oral cav-
ity is the relative abundance of the various mem-
bers of the community. As shown in Fig.  10.3a, 
the majority of genera are shared by the different 
sites, but their relative abundance is very differ-
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Fig. 10.2 Genera detected in the sampled digestive tract 
microbiome sites based on similarities in microbial com-
position. (a) Physical oral sites sampled in this work. (b) 
Taxonomic composition of the microbiota in eight diges-
tive tract body habitats investigated based on the average 
relative abundance of 16S rRNA pyrosequencing reads 
assigned to a genus. Highlighted are genera common to all 

the sites. Buccal mucosa (BM), keratinized gingiva (KG) 
and hard palate (HP), throat (Th), palatine tonsils (PT), 
tongue dorsum (TD), supragingival (SupP), and subgingi-
val plaques (SubP). (Modified from Segata et  al. 2012. 
Composition of the adult digestive tract bacterial microbi-
ome based on seven mouth surfaces, tonsils, throat, and 
stool samples. Genome Biol. 13, R:42)
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Fig. 10.3 Niche specialization in the oral cavity even 
among adjacent body sites. (a) Distribution of the genera 
detected in the sampled digestive tract microbiome sites 
based on similarities in microbial composition as 
described in Segata et  al. [78]. (b) Circular cladogram 
based on the RDP Taxonomy [79] reporting taxa signifi-
cantly more abundant in supragingival (red) and subgingi-

val plaque (green) and demonstrating the extensive 
specialization even at these highly related sites. 
(Reproduced from Segata et al. 2012. Composition of the 
adult digestive tract bacterial microbiome based on seven 
mouth surfaces, tonsils, throat, and stool samples. Genome 
Biol. 13, R:42)
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ent. Thus, members of the genus Capnocytophaga 
are relatively abundant in the subgingival and 
supragingival plaque while, although present in 
other sites, representing just a small fraction of 
the total biofilm. Niche specialization is present 
even among adjacent body habitats. Figure 10.3b 
shows taxa significantly more abundant in supra-
gingival and subgingival plaque and indicates the 
high specialization even at these highly related 
sites. At the class level, Actinobacteria, Bacilli, 
Gamma-proteobacteria, Beta-proteobacteria, and 
Flavobacteria are characteristic of the supragin-
gival plaque, whereas Fusobacteria, Clostridia, 
Epsilon-proteobacteria, Spirochaetes, Bacteroidia, 
and unclassified Bacteroidetes are biomarkers for 
the subgingival plaque [77].

Recently with the use of next-generation 
sequencing approaches the functional poten-
tial of the oral microbiome can be assessed. 
Information on the genes present in the commu-
nity by shotgun metagenomic analysis allows for 
comparing the potential activities carried out by 
the oral microbiome in different sites and envi-
ronments [77, 80]. Due to the complexity of the 
oral microbiome, instead of assessing the poten-
tial of specific species, it is more logical to deter-
mine the functional activities of the community 
as a whole. Given the specificity of the niche of 
the oral community composition, it is not sur-
prising that in health it seems to be a partition-
ing of functions associated with different oral 
sites [77, 80]. Figure 10.4 summarizes our cur-
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Fig. 10.4 Bacterial metabolic activities associated with 
oral sites. (a) Metabolic modules are differentially present 
or abundant in at least one body habitat of the human 
microbiome. Metabolic modules and pathways from the 
KEGG BRITE hierarchy [81] found to be differentially 
abundant (inner cladogram) or differentially covered 
(outer ring, presence/absence) in the human microbiome. 
Differentially abundant modules are colored by their most 
abundant body habitat. (Reproduced from Abubucker 
et  al. 2012 Metabolic Reconstruction for Metagenomic 

Data and Its Application to the Human Microbiome. PloS 
Comput Biol.;8(6):e1002358). (b) Functional character-
ization of the digestive microbiota based on metabolic 
pathway abundances in the buccal mucosa, supragingival 
plaque, tongue dorsum, and stool from metagenomic shot-
gun sequencing. (Reproduced from Segata et  al. 2012. 
Composition of the adult digestive tract bacterial microbi-
ome based on seven mouth surfaces, tonsils, throat, and 
stool samples. Genome Biol. 13, R:42). (c) Oral site spec-
ificity of microbiome activities [77]
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rent knowledge on the topic. The supragingival 
plaque is enriched in metabolic functions asso-
ciated with environmental information process-
ing (e.g., secretion systems, signal transduction, 
and signaling molecules and interaction) and 
energy metabolism (e.g., oxidative phosphory-
lation, methane metabolism, and nitrogen and 
sulfur metabolism). Buccal mucosa activities are 
also enriched in environmental information pro-
cessing but of different nature (e.g., peptide and 
amino acid transport).

Interestingly, one of the increased activities 
in the tongue dorsum was γ-aminobutyric acid 
(GABA) biosynthesis. GABA is the primary 
inhibitory neurotransmitter known to counterbal-
ance the action of the excitatory neurotransmitter 
glutamate. What could be the role of the GABA 
produced in the oral cavity in the health of the 
host is still not known.

In one study that focused on the metatran-
scriptome during biofilm formation and after 
meal ingestion [82], results showed that changes 
in bacterial activity during plaque development 
and after meal ingestion were person-specific. 
In some cases, over 80% of active bacteria cor-
responded to only three genera (Actinomyces, 
Corynebacterium, and Rothia) whereas other 
individuals did not show any dominant genera 
in their active microbial community. As could be 
expected, the predominant genera of active mem-
bers of the community were Streptococcus (12–
19%) and Actinomyces (3–12%). Actinomyces 
showed higher frequencies in early plaque 
samples, in agreement with its known role as 
an early colonizer. Other frequent active genera 
were the Actinobacteria, Rothia, Angustibacter, 
and Kineococcus; the Proteobacteria Neisseria, 
Kingella, and Alysiella; the Firmicutes 
Gemella, Paenibacillus, and Veillonella and 
finally Capnocytophaga and Fusobacterium. 
Kineococcus, Alysiella, and Paenibacillus are 
genera commonly found in environmental sam-
ples. Nonetheless, members of these genera have 
been identified in oral samples, although gener-
ally at low numbers [83–88].

In early stages of supragingival plaque devel-
opment, genes involved in the metabolism of 
carbohydrates, energy, amino acids, cofactor/

vitamins, and xenobiotic degradation were pre-
dominantly up-regulated. In late stages, the up- 
regulation is associated with genes involved in 
quorum sensing response, in particular genes, 
identified as belonging to Type II secretion sys-
tems. Since type II secretion systems promote 
the secretion of folded periplasmic proteins that 
 typically play a role in survival, this finding indi-
cates that the community is adapting as it devel-
ops. Among the significant results of this work 
is that the metatranscriptomic profiles during 
biofilm formation and after meal ingestion were 
person- specific. Some individuals showed virtu-
ally no changes in the active bacterial population 
after food ingestion, suggesting that their micro-
biota is not affected by food ingestion, potentially 
reducing the risk of acidic pH and promoting 
dental health. They also showed that the expres-
sion of genes linked to translation machinery 
is higher in early biofilm stages, whereas more 
specialized genes are expressed in the mature 
biofilm. Among them, genes involved in compe-
tence, quorum sensing, mutacin production, and 
DNA uptake were over-expressed in late biofilm, 
indicating a more sophisticated level of interac-
tions in mature biofilm than at earlier stages of 
biofilm formation.

We are just at the dawn of functional studies 
of the oral microbiome. In the next few years, an 
increased effort should be placed on understand-
ing how the distinct functional activities in the 
different oral sites are linked to a healthy oral 
microbiome.

10.2.1  From a Commensal 
to a Dysbiotic Microbiome

The transition from a commensal microbiome to 
a dysbiotic one is an essential step in the role that 
the microbiome plays in oral diseases. Dysbiosis 
in the oral cavity occurs when environmental 
conditions are altered for enough period of time, 
thus affecting the ecology of the ecosystem, 
leading to an overgrowth of certain indigenous 
microorganisms, which become the dominant 
species at the affected site at the expense of 
health- associated taxa [34, 89]. The primary oral 
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diseases of humans caused by bacteria, that is, 
caries and periodontal diseases, are associated 
with dysbiotic microbiomes, and dysbiotic com-
munities have also been associated with systemic 
diseases such as cancer [90].

In the present section, we will discuss the 
microbial activities and environmental changes 
that lead to dysbiosis in a cariogenic microbiome 
and perio-pathogenic microbiomes.

10.2.2  Dental Caries

Dental caries is one of the most common infec-
tious diseases, and it is associated with an 
increased frequency of dietary sugar intake. 
Saccharolytic bacteria in the oral microbiome 
metabolize those sugars, and a low pH is gener-
ated within the biofilm. To explain the evolution 
of the disease and the role that the oral microbi-
ome plays in caries, Marsh proposed the “ecolog-
ical plaque hypothesis” [91, 92]. This hypothesis 
posits that selection of cariogenic organism is 
linked to changes in environmental conditions 
that lead to shifts in community composition 
and function. If the pH remains below a specific 
pH value (5.5) for extended periods, a change 
in the bacterial populations to more cariogenic 
organisms that are acidogenic and acid- tolerant 
(aciduric) can occur [92]. During this progres-
sion, there are a loss of diversity and a reduction 
in levels and activity of beneficial bacteria [93–
95], although the diversity may increase when 
the lesion penetrates dentine, which reflects the 
importance of the differences of activities in dif-
ferent oral niches [96, 97].

Historically acidogenic species of the genus 
Streptococcus, mainly S. mutans, have been 
considered the etiological agent of dental car-
ies. Indeed, numerous metagenomic studies have 
shown that certain acidogenic and aciduric spe-
cies such as S. mutans and Lactobacillus spp. 
are highly correlated with active caries [93–95, 
97, 98]. However, recent studies show evi-
dence that many other species are likely to be 
relevant. They include members of the genera 
Actinomyces, Fusobacterium, Porphyromonas, 
Rothia, Granulicatella, Gemella, Selenomonas, 

Bifidobacteria, Scardovia, and Haemophilus 
[95, 99–101]. Moreover, the bacterial communi-
ties present at different stages of caries develop-
ment change. Microbial composition at the initial 
phase of caries is significantly different from that 
found at subsequent stages [19, 102]. The relative 
proportion of S. mutans increases from 0.12% in 
healthy dental plaque to 0.72% in caries affect-
ing enamel. Nonetheless, Streptococcus mitis 
and Streptococcus sanguinis were the dominant 
streptococci in enamel lesions.

We now know that the number of active spe-
cies of bacteria in dental caries lesions is high, 
supporting the idea that a complex consortium 
multiple microorganisms cooperate to initiate and 
expand the disease [96, 99] rather than a single 
species being responsible for the condition. Thus, 
in a pioneer metatranscriptomic study focused on 
the active bacterial communities in caries lesions, 
Simón-Soro et al. [97] showed that active caries 
lesions contained between 70 and 400 metaboli-
cally active species of bacteria. Agreeing with 
those results, in a more recent study, Kressirer 
et al. found that gene expressed in caries mapped 
108 named species [99].

Active communities in different caries envi-
ronments are very distinct. Thus non-cavitated 
(“white spot” lesions), open dentin, or enamel- 
dentin caries presented different active communi-
ties. While members of the genera Streptococcus 
and Veillonella were highly active in all three 
types of caries, Lactobacillus spp. were only 
highly active in the enamel-dentin caries sites, 
where the carious lesion might extend into 
dentin without a clinically visible crack at the 
enamel surface [97]. Kressirer et  al. found that 
Lactobacillus spp. were highly active in coronal 
caries, while in dentin caries, the most represen-
tative members of the active community were 
Neisseriales, Prevotellaceae, and Actinobacteria. 
Moreover, although S. mutans was elevated in 
coronal and dentin caries compared with caries- 
free, another important cariogenic organism, S. 
wiggsiae was associated with dentin caries, sug-
gesting that S. wiggsiae was primarily active in 
dentin lesions [99]. By contrast, Peterson et  al., 
when looking at community-wide expression 
profiles of dental plaque samples from dental car-
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ies, found that a limited number of species were 
responsible for the transcripts in the community. 
Streptococci represent the majority of the active 
members in caries. S. sanguinis was the most 
active member of the community with 16% of the 
transcripts, followed by S. mitis (10%), V. parvula 
(9%), Capnocytophaga sp. (9%), S. oralis (8%), 
Streptococcus spp. (7%), G. haemolysans (5%), 
S. gordonii (4%), and Neisseria sp. (3%) [103].

More interesting is the fact that despite inter-
personal variation in the composition of active 
communities, when looking at functional activi-
ties, distinct patterns of expression emerge. A 
large number of activities are associated with 
oxidative stress with high expression of pro-
teins that metabolize superoxides, and peroxides 
are present in enamel/coronal caries [102, 104]. 
Functional profiles of caries-associated bacte-
rial communities indicate that genes involved in 
this kind of activities are over-represented only 
at the initial stage (enamel caries). In later stages 
expression of genes coding for osmotic stress tol-
erance proteins as well as collagenases and other 
proteases [102] and arginine deaminase and ure-
ase that counterbalance acidic pH [99] enable 
dentin degradation in dentin cavities.

An analysis of already-existing metatranscrip-
tomic libraries to identify functional differences 
between health and caries showed that deregulated 
metabolic sub-networks of KEGG Orthology 
(KOs) groups were indeed significantly differ-
ent [105]. S. mutans and Lactobacillus casei, 
which frequently are associated with dental car-
ies, were among the species that showed the most 
significant up-regulation of the KOs in the dental 
caries sub-network in disease. Nonetheless, in 
addition to the well-known cariogenic species, a 
more extensive range of species showed a similar 
pathogenic expression profile in the maximum-
scoring sub-network. The disease- associated 
parts of the caries sub-network included nine 
KOs from the pathways of the phosphotransfer-
ase system and fructose and mannose metabo-
lism. Among them are sugar phosphotransferases 
involved in the beta- glucoside metabolism that 
are critical elements in the process of coloniza-
tion [106, 107]. Another set of disease-associated 
pathways was a pathway that converts sorbitol 

to fructose 6- phosphate. Unlike many other oral 
species, S. mutans can metabolize sorbitol as a 
carbon source [108, 109]. In contrast, only one 
KO was down- regulated in disease in the same 
pathway. This KO converts fructose to fructose 
6-phosphate, suggesting that while in health fruc-
tose may be the primary carbon source, in den-
tal caries sorbitol might be used as an additional 
source of carbon [105].

Underlying how much is still unknown on the 
mechanisms of dental caries, a recent study that 
applied metatranscriptomics and metabolomics 
approaches found a much higher diversity in 
alkali-generating pathways within complex oral 
biofilms than previously known. The classical 
mechanism against acidification of the ecosys-
tem was thought to be alkali production through 
ammonia production from arginine and urea 
[110, 111]. However, Edlund et  al. found that 
glutamate dehydrogenase, threonine and serine 
deaminase, and up-regulation in membrane pro-
teins involved in ammonia gas conduction were 
acting as a way to control pH besides the urease 
activity and arginine deaminase system [112]. 
Additionally, this study revealed that Veillonella 
species are well adapted toward acid stress by 
up- regulating various metabolic pathways asso-
ciated with the control of pH.

10.2.3  Periodontal Diseases

Periodontal diseases (gingivitis and periodon-
titis) are polymicrobial diseases caused by the 
coordinated action of a complex microbial com-
munity that lead to inflammation of tissues sup-
porting the teeth. Gingivitis, the mildest form of 
periodontal disease, is perhaps the most com-
mon bacterial disease of humans with a preva-
lence in adults of over 90% [113]. Gingivitis is 
characterized by a buildup of the oral biofilm in 
the subgingival crevice and inflammation of the 
gums [114–116]. Its symptoms can be eliminated 
through professional dental cleaning. However, if 
untreated, it can progress to chronic periodonti-
tis, a severe form of the periodontal disease char-
acterized by chronic inflammation, destruction 
of gum tissue, and ultimately loss of both tooth 
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attachment and alveolar bone [117]. Periodontitis 
is the sixth most prevalent disabling health con-
dition in the world, affecting 743 million people 
worldwide [14].

In the case of periodontitis, the inflamma-
tory response of the host is a significant driver 
of the environmental changes that would select 
for a dysbiotic community. There is host–micro-
biome cross-talk that leads to inflammation and 
bone loss [118]. Changes in local environmental 
conditions will alter the competitiveness and out-
come of multiple interactions among the organ-
isms in the subgingival microbiota, leading to 
substantial changes in the microbial composition 
of the biofilm.

Periodontal diseases are an example of what 
van Steenbergen described as “pathogenic syner-
gism” [119] in which the outcome of the dysbiotic 
process is the result of the combined activity of 
an interacting network of organism in which each 
member is only partly responsible for the viru-
lence of the whole. Different species would under-
take a distinct role or function for the consortium 
to persist and cause disease. Consistent with the 
new concept of low abundance species (“keystone 
pathogens”) having a disproportionate effect of the 
virulence of the whole community [120–122].

Models of periodontal disease progression 
posit that tissue destruction progresses through 
periods of acute exacerbation (activity) followed 
by periods of remission [123–125]. Goodson 
et al. found that in 22 untreated patients whose 
attachment level was measured every month for 
1  year, 5.7% of the sites became significantly 
deeper while 11.5% of the sites became signifi-
cantly shallower during that period. Among sites 
with increased pocket depth, approximately half 
showed spontaneous recovery to their original 
depth, and half of these sites exhibited cyclic 
deepening followed by spontaneous recovery 
to their original depth [126]. Others have also 
described patterns of “exacerbation” and “remis-
sion” [127, 128]. It has been postulated that 
changes in the composition of subgingival bio-
films could explain these periods of disease activ-
ity. In fact, a few studies have found differences 
in the levels of subgingival species when compar-
ing progressing and non-progressing sites using 

cultural [129, 130] and molecular approaches 
[131–133]. These studies also demonstrated a 
considerable overlap in the composition of the 
microbial communities associated with pro-
gressing and non-progressing lesions, suggest-
ing that the difference in the periodontal status 
of the sites could not be explained solely by the 
reported differences in the subgingival microbial 
composition.

10.2.3.1  Gingivitis
Studies on the function of the oral microbiome 
in gingivitis, the mildest form of periodontal dis-
ease, are limited. Just recently metatranscriptome 
has begun to be used to analyze community-
wide gene expression in the human microbiome 
[134–138]. It is known that there are changes that 
are characteristic of this condition and distinct 
from both health and periodontitis [139, 140]. 
At least eight taxa become particularly domi-
nant, including TM7, Leptotrichia, Selenomonas, 
Streptococcus, Veillonella, Prevotella, Lautropia, 
and Haemophilus [140, 141].

Nowicki et al. studied the metatranscriptome 
changes associated with the transition from health 
to periodontitis and showed that changes in the 
overall activity of oral microbiota during the early 
stages of periodontal disease progression pro-
mote enhanced destruction of host tissue and sur-
vival within the oral cavity [137]. Interestingly, 
the list of most highly abundant genera was simi-
lar to results based on community composition 
mentioned above, with Leptotrichia, Prevotella, 
Streptococcus, Fusobacterium, and Actinomyces. 
They also showed that virulence-related gene 
expression is elevated during the transition 
from oral health to gingivitis and that metabolic 
pathways more strongly associated with health 
include genes involved in ascorbate and aldarate 
metabolism, porphyrin and chlorophyll metabo-
lism, carbon fixation in prokaryotes, the pentose 
phosphate pathway, antibiotic biosynthesis, and 
pyruvate metabolism. Metabolic pathways more 
strongly associated with gingivitis include genes 
involved in pyrimidine metabolism, vitamin B6 
metabolism, glycolysis and gluconeogenesis, 
and propanoate and butanoate metabolism [137]. 
Genes with virulence-related activities with sig-
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nificant changes in expression in gingivitis rela-
tive to health comprise peptidases, nucleases, and 
hydrolases as well as genes involved in chemo-
taxis and cell surface modifications.

Periodontal pathogens, representative of the 
most abundant genera in the study (Leptotrichia 
buccalis, Prevotella nigrescens, S. constellatus, 
F. nucleatum, and Actinomyces israelii), up- 
regulate the expression of specific and general 
virulence-related genes during gingivitis relative 
to health. Included within the particular virulence 
genes category are collagenases, gingipains, and 
hemagglutinins, and in the generalized virulence- 
related gene are nonspecific peptidases or prote-
ases and stress response proteins). L. buccalis 
virulence-related gene products up-regulated 
during gingivitis include several genes involved 
in antibiotic resistance and nonspecific proteases. 
P. nigrescens and F. nucleatum, two members 
of the orange complex according to Socransky 
and Haffajee [142], significantly over-expressed 
a wide variety of virulence-related genes in 
plaque samples from teeth at a time point show-
ing clinical indications of disease, including 
those involved in antibiotic resistance, prote-
olysis, breakdown of collagen, and iron uptake. 
Virulence factors endothelin-converting enzyme 
1 and a gingipain were found to be highly up- 
regulated by P. nigrescens. These first findings 
regarding the functional changes seen between 
health and gingivitis are primarily corroborated 
by similar results in previous work analyzing 
samples from healthy and diseased (periodonti-
tis) teeth and seem to indicate a transition state 
regarding the gene expression of virulence- 
associated genes in the community.

10.2.3.2  Periodontitis
Periodontitis is the most severe form of peri-
odontal disease that, if left untreated, causes 
destruction of gum tissue and loss of both tooth 
attachment and alveolar bone by a chronic inflam-
mation process. As shown in the next section of 
this chapter, there is a good body of research 
that links periodontitis to several systemic dis-
eases, including cardiovascular disease, pre-term 
delivery, and low birth weight, diabetes mellitus, 
respiratory infections, and osteoporosis.

The oral microbiome is highly diverse, and 
for that reason, most studies on the microbi-
ome of periodontitis have focused on describing 
microbial communities or on the immunological 
response of the host to the bacterial challenge. 
Others studies are starting to integrate biofilm 
composition and host response [143, 144], and 
just a few have begun to identify certain com-
monalities in the way the function of the micro-
bial community shifts in dysbiosis. To this date, 
the model for periodontitis progression suggests 
that changes in periodontal microbiota lead 
to dysbiosis by deregulating the host-immune 
response, leading to chronic inflammation. We 
know very little about the process that initiates 
dysbiosis leading to periodontal disease progres-
sion. Recently, some studies have identified the 
functional signatures that characterize the peri-
odontal disease sites, highlighting the hypothesis 
that the oral microbiome as a meta-organism can 
induce disease progression.

The current advances in high-throughput 
sequencing technology have tremendously 
enriched our knowledge not only on the com-
position of the oral microbial community but 
on the gene expression. It is now known that 
the periodontal microbiota is more diverse than 
 previously thought, with over 700 microorgan-
isms identified [67, 69, 70]. The vast diversity of 
periodontal microbiota suggests that the patho-
genic mechanisms supporting periodontitis are 
the results of a coordinated synergy of more than 
a small group of organisms.

Based on sequencing-based findings, a poly-
microbial synergy and dysbiosis (PSD) model 
has been proposed to explain the periodontal 
pathogenesis [120]. This model suggests that 
periodontal diseases are initiated by a dysbiotic 
microbial community, rather than by a specific 
group of periodontal pathogens. The whole com-
munity expresses distinct genes that synergize to 
lead the microbiome to disease. The dysbiosis of 
the microbial community can disrupt the host- 
microbe homeostasis and facilitate its transition 
to a chronic inflammatory state. Thus, the whole 
microbial community modulates the disease pro-
gression, and the study of changes in metabolic 
activities is critical for our understanding of the 
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mechanisms by which the oral microbiome mod-
ulates the disease.

Among the different metabolic activities of 
the oral microbiome, lipid metabolism in the 
microbiome is highly influenced by periodon-
titis. In several independent studies, changes in 
lipid metabolism of the members of the micro-
biome have been identified as a signature in dis-
ease [135, 136, 138, 145] (Fig. 10.5). Fatty acid 
metabolism has been proposed as a metabolic 
function important in the virulence of several 
human pathogens [146, 147]. A metagenomic 

analysis comparing disease and periodontitis 
found that the diseased microbiome is enriched 
in metabolic functions belonging to fatty acid 
metabolism (Fig.  10.5a) and with anaerobic 
metabolism (e.g., ferrodoxin oxidation and 
acetyl- CoA degradation) [145]. Also enriched 
in disease were many virulence factors such as 
the presence of conjugative transposons, type IV 
secretion systems, and the biosynthesis of toxic 
compounds such as acetone, butanol, and etha-
nol, as well as the Lipid-A of lipopolysaccharide 
(LPS) biosynthesis. Metatranscriptomic studies 

a

b

c

Fig. 10.5 Functional signatures of periodontitis. (a) 
Enrichment in metabolic pathways present in healthy and 
periodontitis samples identified by metagenomic analysis. 
Dark blue—significantly enriched in healthy samples; 
Dark red—significantly enriched in diseased samples. 
(Reproduced from Liu et al. 2012. Deep Sequencing of the 
Oral Microbiome Reveals Signatures of Periodontal 
Disease. PloS One 7(6):e37919). (b) Differential meta-
bolic gene expression in the diseased periodontal microbi-
ome. Black lines indicate enzyme-encoding genes that 
were expressed and unchanged in health and disease; red 

lines indicate genes up-regulated during disease, and blue 
lines indicate genes up-regulated during health. Colored 
regions identify different sections of the metabolic path-
way map. (Reproduced from Jorth et  al. 2014. 
Metatranscriptomics of the human oral microbiome during 
health and disease. MBio 5(2):e01012–14). (c) Metabolic 
activities associated with the progression of pocket depth 
identified by metatranscriptomic analysis. (Reproduced 
from Yost et al. 2015. Functional signatures of oral dysbio-
sis during periodontitis progression revealed by microbial 
metatranscriptome analysis. Genome Med. 7(1):27)
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of periodontal microbiota have confirmed the 
importance of the activities mentioned above. In 
those studies, the results represent the profiles 
of synthesis of mRNA, and thus, it is a repre-
sentation of actual changes in gene expression. 
In three different studies of periodontitis meta-
transcriptome the metabolism of lipids and lipid 
A biosynthesis was altered (Fig. 10.5b, c) [135, 
136, 138].

Metatranscriptomic profiles of subgingival 
plaque from active and inactive sites in patients 
with chronic periodontitis identified functional 
signatures that could explain the initial stages of 
dysbiosis [138]. The microbiome of the progress-
ing sites is already dysbiotic at the initiation of 
the study [138]. There was an over-representa-
tion in the baseline of progressing sites of terms 
related to cell motility, transport (iron, potassium, 
chloride, citrate, and amino acids transport), lipid 
A and peptidoglycan biosynthesis, and protein 
kinase C-activating G-protein-coupled receptor 
signaling pathway, as well as the synthesis of aro-
matic compounds. On the other hand, in the base-
line samples from non-progressing sites, there 
was an over-representation of GO terms related 
to tricarboxylic acid cycle, metal ion transport, 
phosphoenolpyruvate-dependent sugar phos-
photransferase system, and protein secretion. 
Interestingly, histidine biosynthesis was over- 
represented at the initial stages of the progressing 
sites while Jorth et al. found that histidine catabo-
lism was up-regulated in the disease sites of their 
study [136].

A key altered metabolic activities in periodon-
titis, and its progression seems to be potassium 
ion transport [135, 138]. Its importance was con-
firmed by demonstrating that potassium levels 
increased the virulence of the oral community 
as a whole. At the same time, it has altered the 
immune response of gingival epithelium, increas-
ing the production of TNF-α and reducing the 
expression of IL-6 and the antimicrobial peptide 
human β-defensin 3 [148].

The results of metatranscriptomic analyses 
seem to indicate that the genes expressed by the 
oral microbiome and their functions are more 
relevant to periodontitis pathogenesis than the 
microbiota composition, perhaps due to the high 
genomic redundancy in the oral microbiome.

10.2.4  The Oral Microbiome 
in Systemic Diseases

Over the years, many studies have linked periodon-
tal disease with the predisposition of individuals to 
suffer systemic diseases such as cardiovascular dis-
ease, oral cancer, gastrointestinal diseases, adverse 
pregnancy outcomes, diabetes, and more recently 
neurodegenerative diseases such as Alzheimer’s 
disease [149–152]. However, it remains to be 
established whether specific periodontal patho-
gens stimulate the development of the systemic 
disease or if the systemic disease causes the abun-
dance of periodontal pathogens to change. If the 
pathogens cause non-oral disease, then they would 
represent obvious targets for therapeutic interven-
tion. It is proposed that the presence of periodontal 
pathogens could be used as diagnostic markers to 
predict susceptibility to non-oral disease. The oral 
microbiome has the potential to develop a wide 
variety of non-oral conditions. For instance, about 
30 abundant species in the oral cavity, mainly 
Gram-negative anaerobe bacteria, are known to 
produce endotoxins, which could directly contrib-
ute to systemic diseases.

Oral pathogens can migrate from the oral cav-
ity to distant sites of the body P. gingivalis is 
capable of invading various cell types, including 
epithelial, endothelial, and smooth muscle cells. 
Daily bacteremias through tooth brushing and 
chewing, especially in those with periodontitis, 
can contribute to the entry of oral bacteria into 
the bloodstream and thus to the direct contact 
with distant tissues. It should be noted that other 
bacteria in the oral microbiota such as F. nuclea-
tum and Filifactor alocis can invade endothelial 
cells and the cariogenic bacterium S. mutans can 
invade vascular cells on human coronary artery 
endothelial cells (HCAEC) [153–155].

In most cases, the breach between oral health 
and systemic diseases is mediated by an increase 
in inflammation. The association between oral 
inflammation and systemic inflammation is cru-
cial to understanding the detrimental effects of 
oral inflammation on several organ systems. Oral 
microbiota can cause oral inflammation and also 
contribute to systemic inflammation through the 
release of toxins or microbial subproducts into 
the bloodstream.
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10.2.4.1  Cardiovascular Disease
Cardiovascular disease remains the leading cause 
of death in the U.S accounting for almost one in 
every four deaths [156]. One-third of Americans 
have some form of the disease, including coronary 
disease with myocardial ischemia, a cerebrovascu-
lar illness with strokes, and peripheral arterial dis-
ease with gangrene [157]. However, half of those 
patients do not have the classic disease risk factors 
such as obesity, hypercholesterolemia, hyperten-
sion, history of smoking, or genetic background 
[158, 159], leaving the cause of atherosclerotic 
plaque progression and disease unknown. Several 
studies have reported a positive correlation between 
periodontal disease and atherosclerotic vascular 
disease [160, 161]. On the other hand, a recent 
statement by the American Heart Association 
stated that current data are insufficient to support 
a causal relationship between periodontal disease 
and atheroesclerotic vascular disease [157]. Even 
though different studies have suggested that there 
may be an association between periodontitis and 
cardiovascular disease, the mechanisms by which 
oral infections impact cardiovascular diseases 
have remained unclear.

In a large meta-analysis of five cohort stud-
ies combined that included 86,092 patients, the 
results showed that individuals with periodontal 
disease had 1.14 times higher risk of develop-
ing coronary heart disease than the controls 
and showed an even higher risk of develop-
ing coronary heart disease (2.22 times). This 
study showed that both the prevalence and 
incidence of cardiovascular disease are signifi-
cantly increased in patients with periodontitis 
[162]. Furthermore, an association between 
edentulousness and serum antibodies against 
P. gingivalis and Aggregatibacter actinomy-
cetemcomitans with coronary heart disease was 
observed in a study that included 1163 patients 
[163]. An additional study confirmed the pres-
ence of oral bacterial DNA species in 42 ath-
eromatous plaques retrieved by endarterectomy. 
The bacterial species most commonly found in 
this study was P.gingivalis, followed by A. acti-
nomycetemcomitans, T. forsythia, Eikenella cor-
rodens, F. nucleatum, and Campylobacter rectus. 
Moreover, live P. gingivalis has been found in 
various tissues [164].

Furthermore, studies in an animal model 
of atherosclerosis using hyperlipidemic mice 
infected with P. gingivalis and Treponema den-
ticola demonstrated that infection with these 
bacteria is associated with alveolar bone loss 
and aortic atherosclerosis [165, 166]. After oral 
infection in an animal model, P. gingivalis and T. 
denticola induced a systemic immune response, 
and bacterial genomic DNA was found in the 
oral epithelium and aorta and within systemic 
organs. Additionally, P. gingivalis evades innate 
immune detection via Toll-like receptor (TLR)-
4,  facilitating chronic inflammation in the vas-
culature [167]. It was also demonstrated that 
P. gingivalis, through its secreted outer mem-
brane vesicles, can induce platelet aggregation 
in human samples, which could contribute to 
thrombus formation in vivo [168]. Interestingly, 
other oral pathogens such as A. actinomycetem-
comitans, T. forsythia, C. rectus, F. nucleatum, P. 
intermedia, and T. denticola failed to aggregate 
platelets when tested for aggregation activity, 
suggesting that only P. gingivalis expresses the 
virulence factors involved in platelet aggregation 
[169]. As shown above, several oral pathogens 
are associated with a higher risk of cardiovascu-
lar disease in humans, and studies in mice sup-
port the possibility that infection with the oral 
pathogens may lead to the disease.

10.2.5  The Oral Microbiome 
and Cancer

In the early 1990s, Helicobacter pylori was rec-
ognized as a causative agent of human gastric 
cancer [170], becoming the first major bacterial 
pathogen to be associated with human cancer 
[171, 172]. H. pylori leads to chronic inflam-
mation due to the failure of the host to eradicate 
the infection and thus to oxidative stress, deriv-
ing from immune cells and from within gastric 
epithelial cells, which is a leading contributor to 
DNA damage, apoptosis, and neoplastic trans-
formation [173]. In addition to H. pylori, various 
bacterial infections have also been found to cor-
relate with an increased risk of developing can-
cer, e.g., gallbladder carcinoma with Salmonella 
typhi infection [174] and colon cancer with 

J. Frias-Lopez and A. E. Duran-Pinedo



157

Streptococcus bovis infection [175]. More impor-
tantly, it is now well established that members of 
the oral microbiome contribute to a variety of 
oro-digestive cancers [176–179].

10.2.5.1  Oral Cancer
Oral cancer is the term that usually includes 
cancer of the lip, tongue, salivary glands, and 
other sites in the mouth (gum, the floor of 
the mouth, and other unspecified parts of the 
mouth). Over 90% of all oral cancers corre-
spond to oral squamous cell carcinoma (OSCC), 
and 10% are due to adenocarcinoma. Despite 
therapeutic advances, the 5-year survival ratio 
is approximately 50%, making OSCC one of 
the most aggressive malignancies [180]. OSCC 
is considered the eighth most common cancer 
worldwide and is among the three most com-
mon cancers in South-Central Asia [181]. The 
site of the occurrence of this disease depends 
on region-specific epidemiological risk fac-
tors. In South Asian countries, the cheek (buc-
cal mucosa) and gingiva are the leading sites of 
involvement, whereas, in Western societies, the 
tongue is most commonly affected [182].

Along the years, research has suggested a link 
between periodontal disease and cancer. A meta- 
analysis study, including 3183 subjects, showed 
that patients with periodontal disease have an 
increased susceptibility to oral cancer [183]. 
More recent studies found a positive correlation 
between periodontal disease and pancreatic, head 
and neck, and lung cancers [172]. Another study 
examined one million randomly selected insur-
ance cases in Taiwan and found that patients in 
the periodontitis cohort exhibited a higher risk 
of developing cancer than those in the gingivi-
tis cohort [184]. The major etiological factors 
contributing to risk to develop OSCC are alco-
hol and smoking. Eradication of these factors 
and early diagnosis are the most desirable pre-
vention. However, bacteria might play a crucial 
role in the etiopathogenesis of esophageal can-
cer. Petters and co-workers studied, for a decade, 
the oral microbiota of over 122,000 patients, 
and found asociation between T. forsythia and a 
higher risk of esophageal adenocarcinoma, while 
P. gingivalis was linked to a higher risk of esoph-
ageal squamous cell carcinoma. Interestingly, 

Streptococcus and Neisseria were linked to a 
lower risk of esophageal cancer [185].

Yang et al. evaluated the profile of oral micro-
biome during oral cancer’s progression from the 
early stage to the late stage [186]. The diversity 
of the oral microbiomes was significantly higher 
in stage 4 patients than that in healthy controls. 
Fusobacteria abundance showed an increase 
with the progression. Fusobacteria abundance 
showed an increase with the cancer progression. 
In OSCC stage 1 reached to 4.35% and in stage 4 
incresed to 7.92% of the entire community, while 
in healthy controls represented 2.98% of the total 
community. At the genus level, the abundance of 
Fusobacterium increased, while the number of 
Streptococcus, Haemophilus, Porphyromonas, 
and Actinomyces decreased with cancer progres-
sion. At the species level F. periodonticum, P. 
micra, S.constellatus, H. influenza, and Filifactor 
alocis increased in abundance from stage 1 to 
stage 4. Based on those results, the use of bacte-
rial marker panel of three bacteria was suggested: 
F. periodonticum, which increases the numbers 
and decreases the abundance of S. mitis, and 
P.pasteri. Inaba et al., also found P. gingivalis at 
significantly elevated levels in OSCC [177] and 
esophagus squamous cell carcinoma (ESCC) 
patients, but not in healthy mucosa [171].

Although the exact mechanisms involved in 
tumorigenesis by periodontal bacteria have not been 
completely elucidated, local inflammatory effects 
triggered by the bacterial infection have been asso-
ciated with the cellular transformation [187].

Two important periodontal bacteria, P. gingi-
valis and F. nucleatum, possess all the attributes 
consistent with a role in cancer development and 
progression [151]. Chronic P. gingivalis infection 
is associated with oro-digestive cancer [188], an 
increase in oral cancer invasion [177], epithelial 
to mesenchymal transition [189] and production 
of oral cancer stem cells [190].

Several mechanisms of carcinogenesis pro-
moted by P. gingivalis have been proposed. First, 
it has been associated directly with the activation 
of specific oncogenic pathways. Among them is 
the promotion of survival in gingival epithelial 
cells through both the activation of the PI3K/
Akt pathway and the inhibition of cytochrome c 
release [191], as well as with the reduction of the 
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expression of proapoptotic proteins [192]. P. gin-
givalis is capable of blocking apoptosis through 
the JAK/STAT pathway in gingival epithelial 
cells and thus can modulate the cell death path-
way [193]. The LPS of P. gingivalis contributes 
to the inhibition of apoptosis and induces prolif-
eration in gingival epithelial cells. This effect is 
associated with an increased expression of TLR4 
[194]. P. gingivalis was also shown to cause 
gingival epithelial cells’ migration in a manner 
dependent on the overexpression of the activator 
of the epithelial-mesenchymal transition (EMT) 
Zeb1 [189]. Moreover, P. gingivalis increases 
proliferation and promotes invasion and migra-
tion [195] and inhibits the activity of glycogen 
synthase kinase 3 (GSK3b), a critical EMT regu-
lator, in primary oral epithelial cells [196].

The potential role for periodontal pathogens 
in the induction of oral cancer was confirmed in 
an oral-specific chemical carcinogenesis animal 
model. The study showed that the periodontal 
pathogens P. gingivalis and F. nucleatum stimulate 
tumorigenesis via direct interaction with oral epi-
thelial cells and that the effect is mediated by the 
host innate immune system [197]). In the case of 
OSCC, it was demonstrated that P. gingivalis, but 
not F. nucleatum, promotes invasion and metastasis 
of oral squamous cells by inducing matrix metal-
loproteinase 9 (pro-MMP9) expression [177]. 
Another study showed that prolonged and repetitive 
exposure to P. gingivalis increases the aggressive-
ness of oral cancer cells via epithelial- mesenchymal 
transition-like changes in the cells [190].

Several mechanisms have been proposed by 
which the oral bacterium F. nucleatum induces 
tumorigenesis in the colon [176, 178]. F. nuclea-
tum generates a pro-inflammatory microen-
vironment that is conducive for colorectal 
neoplasia progression [198] and induces onco-
genic responses through a FadA adhesin [178]. 
Furthermore, the expression of pro-inflammatory 
cytokines in periodontal disease has been linked 
to microbial-triggered carcinogenesis [199]. 
However, the mechanisms by which oral bacte-
ria may contribute to cancer development are still 
unknown.

Regarding the study of changes in functions 
of the whole microbiome during OSCC pro-

gression, our knowledge is more limited. Using 
Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States (PICRUSt) 
as a proxy to predict the oral microbiome func-
tions [200], in two different studies, Perera et al. 
[201] and Al-Hebshi et al. [202] found that despite 
the differences in community composition, cer-
tain the results from functional prediction analy-
sis were consistent between both studies. Genes 
involved in bacterial motility, flagellar assembly, 
and bacterial chemotaxis synthesis were enriched 
in the tumors, and particularly, LPS biosynthe-
sis pathways were enriched in both cohorts. 
Moreover, in another independent study genes 
related to protein and amino-acid metabolism, 
such as valine, leucine and isoleucine, phenylala-
nine, tyrosine, and tryptophan biosynthesis, were 
inversely associated with OSCC progression 
[186]; the same results were observed by Perera 
et al. Where genes are responsible for phenylala-
nine, tyrosine, and tryptophan, biosynthesis were 
significantly associated with the controls [201].

A more direct method to characterize 
community- wide gene expression profiles is the 
use of metatranscriptomics, which is based on 
the set of transcripts being synthesized by the 
microbial community under different conditions. 
This approach has been extremely informative in 
providing new insights into microbial functions 
and active communities in caries [97, 103], peri-
odontitis [135, 136, 138], and gingivitis [137] 
and during biofilm formation and after meal 
ingestion [82]. In a pilot study of community-
wide gene expression analysis of microbiome in 
OSCC Yost et al. [203] found that regardless of 
the community composition, specific metabolic 
signatures were consistently found in disease 
(Fig. 10.6a) and that Fusobacteria, again, was the 
most active group of bacteria in the microbiome 
of OSCC (Fig. 10.6b) and F. nucleatum was the 
organism that showed a higher up-regulation of 
putative virulence factors on the OSCC samples 
(Fig.  10.6c). Among the functional activities 
that characterized the metatranscriptome of the 
oral microbiome in OSCC, iron ion transport, 
tryptophanase activity, peptidase activities, and 
superoxide dismutase were over-represented in 
tumor and tumor-adjacent samples when com-
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pared to the healthy controls. The expression of 
putative virulence factors in the oral communi-
ties associated with OSCC showed that activi-
ties related to capsule biosynthesis, flagellum 
synthesis and assembly, chemotaxis, iron trans-
port, hemolysins, and adhesins were up-regu-
lated at tumor sites [203].

10.2.6  The Oral Microbiome 
and Non-oral Cancers

It has been shown that patients suffering from 
periodontal disease have a higher risk of devel-
oping some type of cancer [204]. Periodontitis is 
characterized by a localized chronic inflamma-

tion produced in response to a dysbiotic process 
of the oral microbiome in the subgingival region. 
Although the inflammatory processes occur 
locally in the oral cavity, the inflammatory medi-
ators synthesized and released during periodon-
titis, can migrate from the oral cavity to other 
body sites, thus contributing to the initiation of 
extraoral diseases like cancer. Interestingly, some 
types of cancer have associated carcinogenesis 
inflammatory molecules migrating to distal sites 
in the human body [205] while showing a direct 
association between the disease and carcinogenic 
effect mediated by periodontitis-associated bac-
terial species either directly in oral cells or by 
migrating from the oral cavity [206]. The spread 
of oral bacteria to distal body sites, either after 

a

c

b

Fig. 10.6 The metatranscriptome of OSCC. (a) Gene 
ontology enrichment analysis for the metatranscriptome 
profiles of the oral microbiome associated with cancer sta-
tus; Over-represented biologic processes in the OSCC 
tumor sites. (b) Cladograms report the taxa showing dif-
ferent abundance values for the transcripts comparing 
healthy control matching tumor sites vs. OSCC tumor 
sites. (c) Comparison of healthy control vs. tumor sites of 

the phylogenetic origin of up-regulated putative virulence 
factors in OSCC. The relative abundance of hits from a 
specific bacterium about the total differentially expressed 
virulence factors in each of the comparisons. (Reproduced 
from Yost et  al. 2018. Increased virulence of the oral 
microbiome in oral squamous cell carcinoma revealed by 
metatranscriptome analyses. Int J Oral Sci. 10(4):32)
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routine activities or dental procedures, was early 
reported by Cobe [207]. Mainly, oral anaerobes 
are released to circulation after some daily activi-
ties, such as tooth brushing, flossing, and chewing 
[208], and also immediately after oral therapeu-
tic procedures such as scaling and root planning 
[209]. Therefore, dental or oral surgery has been 
considered predisposing factors for bacteremia 
of oral origin in both adults and children [210]. 
In periodontal disease, the migration of bacteria 
from the oral cavity to other organs in the human 
body is likely to occur through the blood circula-
tion [211, 212], providing a portal of entry for 
oral bacteria into the vessels and thereby allow-
ing them to spread to distant sites [168]. These 
bacteremias of oral origin are usually polymi-
crobial, with higher numbers of Gram-negative 
bacteria [213]. In addition to P. gingivalis, other 
periodontitis-associated taxa have been associ-
ated with orodigestive cancers. A. actinomy-
cetemcomitans correlates with a higher risk of 
pancreatic cancer [214], and T. denticola has been 
detected in both tongue squamous cell carcinoma 
[215] and esophageal  cancer tissues [216]. As it 
is the case in OSCC, the question of how spe-
cies of oral bacteria contribute to the process of 
carcinogenesis has not been fully understood. It 
is still unknown how oral bacteria affect the local 
microbiome in distal sites and therefore alter host 
cell responses. Although the exact mechanisms 
involved in cancer progression by the activity of 
the oral microbiome have not been completely 
elucidated, local inflammatory effects triggered 
by the bacterial infection have been associated 
with the cellular transformation [187].

Colorectal carcinoma (CRC) is the fourth 
leading cause of cancer deaths worldwide. 
A polymicrobial signature of Gram-negative 
anaerobic bacteria was associated with colorec-
tal carcinoma in 130 tissues analyzed [217]. 
CRC has been associated with a high abundance 
of F. nucleatum and Clostridium difficile in the 
intestinal microbiota of colorectal carcinoma 
patients [218]. A polymicrobial signature of 
Gram- negative anaerobic bacteria was associ-
ated with colorectal carcinoma in 130 tissues 
analyzed, and Gram-negative anaerobic oral 
pathogens such as Fusobacterium, Leptotrichia, 

and Campylobacter species were identified in 
individuals with tumors [217]. Extensive pieces 
of evidence associating bacteremia caused by 
F. nucleatum with underlying malignancy have 
been reported [219]. This organism is consid-
ered as a risk factor for colorectal cancer (CRC) 
[220–222], as the bacterium is over-represented 
in colorectal tumor  tissues versus healthy tis-
sues in CRC patients [217, 223, 224]. Because 
F. nucleatum is commonly found in CRC in asso-
ciation with other oral species (e.g., P. micra, 
Peptostreptococcus stomatis, Gemella morbillo-
rum, Porphyromonas spp., Leptotrichia spp., and 
Campylobacter spp.), it is reasonable to conclude 
that the source of these microbes is most likely 
the oral cavity [217, 225–228].

It has been proposed that F. nucleatum trig-
gers cancer on CRC through three virulence 
factors: the adhesin FadA, the LPS, and the auto-
transporter protein Fap2 [221]. FadA induces 
inflammation and activation of pro-carcinogenic 
pathways directly in colorectal cells, activat-
ing E-cadherin-β-catenin signaling [178]. The 
LPS of F. nucleatum is a trigger for the pro-
duction of inflammatory cytokines both in the 
gingiva and in the colonic tissue [223, 229]. F. 
nucleatum- enriched colorectal adenoma subjects 
show an increased expression of proinflamma-
tory cytokines such as IL-6, IL-12, IL-17, and 
TNF-α when compared to non-adenoma controls 
[230]. Finally, Fap2 decreases the cytotoxicity 
of immune cells, favoring cancer progression 
[231]. Moreover, in  vivo studies have demon-
strated that F. nucleatum increases tumor multi-
plicity and the recruitment of tumor-infiltrating 
immune cells. F. nucleatum generates a proin-
flammatory microenvironment associated with 
an NF-κB-mediated response (COX-2, IL-1β, 
IL-6, IL-8, IL-10, and TNF-α) [198], providing 
the link between inflammation and cancer [232]. 
Besides, F. nucleatum increases the proliferation 
and invasion ability of colonic epithelial cells by 
activating NF-κB signaling and increasing the 
production of pro- inflammatory cytokines (IL-6, 
IL-1β) and MMP-13 [233].

There are even fewer studies on the associa-
tion of other periodontitis-associated bacteria 
with cancer. Among them, T. denticola is a highly 
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invasive anaerobic bacterium that presents a 
chymotrypsin- like proteinase (CTLP) as a major 
virulence factor. CTLP has been detected within 
orodigestive tumor tissues, including OSCC, 
tongue, tonsil, and esophagus [234]. CTLP con-
verts pro-MMP-8 and pro-MMP-9 to their active 
forms, which are associated with metastasis in 
the tongue, esophageal, gastric, pancreatic, and 
CRC cancers [235–237].

10.2.7  The Oral Microbiome 
and Adverse Pregnancy 
Outcomes

It is well established that maternal infections are 
associated with adverse pregnancy outcomes 
[238]. Infection is considered one of the major 
causes of preterm labor and low birth weight 
deliveries, responsible for somewhere between 30 
and 50% of all cases [239–241]. Although earlier 
literature does not include periodontitis as a risk 
factor for preterm birth, the importance of this 
condition has been increasingly recognized for 
its association with systemic diseases. In a 2002 
study 18.2% of all registered cases of preterm 
birth were linked to periodontal disease [242]. 
Thus, research into the association between peri-
odontal disease and adverse birth outcomes has 
gained relevance at a clinical level and within the 
field of public health [243–245]. Moreover, more 
than half of all permanent sequelae that infants 
suffer at neurological, cardiovascular, respira-
tory, and congenital levels have also been attrib-
uted to preterm birth. Babies with a low birth 
weight (LBW) are 40 times more likely to die 
than healthy birth weight babies, and the risk is 
even higher when associated with preterm birth 
complication, such as respiratory distress syn-
drome, chronic lung disease, cardiovascular dis-
orders, a compromised immune system among 
others [246–248].

Bacterial infection of the extraplacental mem-
brane may lead to chorioamnionitis, a condition 
strongly associated with premature membrane 
rupture and preterm delivery [249, 250]. The bio-
logical mechanisms involve bacterially induced 
activation of cell-mediated immunity, which 

leads to the production of cytokines (such as IL-1, 
IL-6, and TNF-α) and synthesis of prostaglandins 
(especially prostaglandin E2[PGE2]) [249, 251].

During normal pregnancy, the intra-amniotic 
levels of these mediators increase until reaching 
a threshold at which point labor is induced [252]. 
The abnormal production of these mediators dur-
ing infection triggers preterm labor and low birth 
weight [253–256]. However, in many cases of 
confirmed chorioamnionitis, no active infection 
of the genitourinary tract could be found, indi-
cating that local infection is not the sole cause 
of this condition [249, 250]. These findings led 
to speculation that a distant infection from the 
placental complex or the genitourinary tract 
still presents a risk for premature labor and low 
birth weight babies. The theory that remote sites 
of infection might contribute to early labor and 
low birth weight outcomes was started by several 
studies using a hamster model [257]. Pregnancy 
outcomes were evaluated in that animal model 
after either the establishment of experimental 
periodontitis, subcutaneous tissue infection with 
P. gingivalis [258] or intravenous injection of 
LPS from P. gingivalis [257]. In those studies, the 
fetal weight was lower in the experimental ani-
mals, and the severity of the effects was directly 
associated with the levels of PGE2 and TNF-α.

With the advent of evidence-based medicine, 
in 1996 Offenbacher et  al. [252] performed the 
first case-control study that reported a 7.5-fold 
higher risk of preterm birth in mothers with peri-
odontal disease, reviving the interest in this dis-
ease and its association with pregnancy and birth 
outcomes. In a subsequent case-control study, 
Offenbacher and others measured the levels of 
PGE2 and IL-1 and the levels of 4 periodontal 
pathogens (T. forsythia, P. gingivalis, A. actino-
mycetemcomitans, and Treponema denticola) in 
the gingival crevicular fluid (GCF) of 48 moth-
ers of preterm labor and low birth weight infants. 
GCF levels of PGE2 were significantly higher in 
mothers of preterm labor and low birth weight 
infants than in mothers of infants with normal 
birth weight (controls). The four periodontal 
pathogens, characteristically associated with 
mature plaque and progressing periodontitis, 
were detected at significantly higher levels in 
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the case of the study group [240]. However, the 
association of periodontal disease and adverse 
outcomes are conflicting [252, 259, 260]. This 
inconsistency can be partly attributed to the het-
erogeneity of the studies in terms of their design, 
statistical analyses, sample sizes, and the defini-
tions of periodontitis used, generating uncertainty 
and imprecision around the conclusions drawn in 
most of the work published to date.

Due to hormonal changes in pregnant 
women, they are more susceptible to gingivitis 
and periodontitis than non-pregnant women. 
Indeed, approximately 40% of pregnant women 
demonstrate clinical evidence of periodontal 
disease [261].

Two different mechanisms have been pro-
posed to explain how oral health is associated 
with adverse pregnancy outcomes. The first 
hypothesizes that the systemic dissemination of 
endotoxins or inflammatory mediators derived 
from periodontal disease could affect the devel-
opment of the fetus or spontaneous abortion 
[262]. Bacterial pathogens, antigens, endotoxins, 
and pro-inflammatory cytokines produced during 
periodontal disease can cross the placental bar-
rier, resulting in disturbances in the maternal fetal 
unit that could contribute to adverse pregnancy 
outcomes [263, 264].

The second proposes that oral pathogens 
themselves can translocate from an unhealthy 
oral cavity and cross the placenta, reaching the 
intra-amniotic fluid and fetal circulation [261, 
265]. Indeed, oral bacterial species involved in 
the pathogenesis of periodontal disease have been 
reported in amniotic fluid of women with pre-
term labor or preterm premature rupture of mem-
branes [266–270]. F, nucleatum is also one of the 
most frequent species involved in the microbial 
invasion of the amniotic cavity [266, 270], and 
it is the most common oral pathogen found in a 
variety of placental and fetal tissues, amniotic 
fluid, and cord blood in cases of preterm birth and 
neonatal sepsis [238, 271, 272]. A case report of 
term stillbirth suggested that F. nucleatum could 
translocate from the mother’s mouth to the uterus 
when her immune response was weakened dur-
ing a respiratory infection [273]. Furthermore, F. 
nucleatum is often detected along with other oral 
subspecies in intrauterine infections, which are 

likely from the same infectious origin, implying 
co-translocation from the oral cavity. It has been 
postulated that F. nucleatum translocates from 
the maternal oral cavity to the intrauterine cav-
ity via a hematogenous transmission [274–276]. 
This hypothesis was tested on animal mod-
els on which F. nucleatum was hematogenous 
injected. After inoculation, specific colonization 
and proliferation of the bacteria in the fetopla-
cental unit without causing systemic infection 
were reported. The bacteria colonize initially in 
the decidua by crossing the endothelium. After 
that, they spread to the amniotic fluid, fetus, and 
fetal membrane, mimicking chorioamnionitis 
and eventually leading to preterm and term fetal 
death [277]. The pattern and duration of infec-
tion, as well as the pathology of the mouse pla-
centa, correspond to the stillbirth case reported 
on a term stillbirth caused by F. nucleatum 
[273]. In mice, a placental infection caused by 
F.nucleatum was characterized by localized bac-
terial colonization, inflammation, and necrosis. 
F. nucleatum was shown to activate both TLR2 
and TLR4 in vitro. In vivo, the fetal death rate 
was significantly reduced in TLR4-deficient mice 
(C57BL/6 TLR4−/− and C3H/HeJ (TLR4d/d), but 
not in TLR2-deficient mice (C57BL/6 TLR2−/−), 
following F. nucleatum infection. The reduced 
fetal death in TLR4-deficient mice was accom-
panied by decreased placental necroinflamma-
tory responses in both C57BL/6 TLR4−/− and 
C3H/HeJ. The decrease of bacterial colonization 
in the placenta was observed in C3H/HeJ, but 
not in C57BL/6 TLR4−/−. These results suggest 
that inflammation, rather than the bacteria per 
se, was the likely cause of mice fetal loss. TLR2 
did not appear to be critically involved, as no 
difference in bacterial colonization, inflamma-
tion, or necrosis was observed between C57BL/6 
and C57BL/6 TLR2−/− mice. A synthetic TLR4 
antagonist, TLR4A, significantly reduced fuso-
bacterial-induced fetal death and decidual necro-
sis without affecting the bacterial colonization in 
the placentas. TLR4A had no bactericidal activ-
ity, nor did it affect the birth outcome in sham-
infected mice. TLR4A could have promised as 
an anti-inflammatory agent for the treatment or 
prevention of bacterial-induced preterm birth 
[277, 278].
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FadA adhesin from F. nucleatum has been 
proposed as a virulence factor involved in the cell 
attachment and invasion of the placenta [279]. 
FadA is a small-helical peptide consisting of 
129 amino acid residues in its non-secreted form 
(pre-FadA) and 111 residues in the secreted form 
(mFadA). It is a unique adhesin in that both pre- 
FadA and mFadA are required for oligomeriza-
tion and function [280]. FadA was shown to be 
involved in F. nucleatum 12,230 colonization of 
the mouse placenta [178, 279, 281]; however, its 
inactivation did not abolish placental coloniza-
tion, suggesting the involvement of an additional 
adhesin(s).

Using a system for transposon mutagen-
esis, Coppenhagen-Glazer S. et  al. created a 
galactose- sensitive adhesin mutant in F. nuclea-
tum. They found that the positive mutants har-
bored the transposon in the gene coding for the 
Fap2 outer membrane autotransporter. The fap2 
mutants failed to show lactose-inhibitable coag-
gregation with P. gingivalis and were defective 
in cell binding. A fap2 mutant also showed a 
2-log reduction in murine placental coloni-
zation compared to the wild type. This work 
suggests that Fap2 is a galactose-sensitive hem-
agglutinin and an adhesin that is likely to play 
a role in the virulence of fusobacteria during 
pregnancy [282].

Recent studies have reported that the human pla-
centa harbors a low abundant microbiome closely 
mimicking the human oral microbiome provides 
further support for hematogenous transmission 
[283]. Although the advancement of microbial 
detection technologies has allowed us to charac-
terize the oral microbiota, many species are still 
underestimated because a large number of species 
are unculturable and hence cannot be detected 
by the conventional culturing methods employed 
by the hospital microbiology laboratories. For 
instance, an uncultivated oral species, Bergeyella, 
which had never been identified in intrauterine 
infection, has been repeatedly detected in amni-
otic fluids associated with preterm birth using 16S 
rRNA gene-based culture- independent technol-
ogy [269, 284, 285]. It is tempting to think that 
a specific portion of the unexplained stillbirths 
may be caused by previously unrecognized oral 
bacteria, translocated to the uterus independent of 

the ascending vaginal route. Further systematic 
analysis is needed to determine the prevalence 
of oral bacteria in  stillbirth [269, 284]. S. mutans 
and Aspergillus, two microorganisms associated 
with oral infections (caries and fungal infection), 
have been reported to be present in intra-amniotic 
samples [286].

Other oral pathogens, such as P. gingivalis and 
its endotoxins, were also found in the placenta of 
preterm delivery patients [287, 288]. Chorionic 
and intra-amniotic infection with P. gingivalis has 
been involved in several cases of preterm birth 
[289]. Studies in animal models demonstrate the 
ability of P. gingivalis to negatively impact preg-
nancy: LPS from P. gingivalis induced placental 
and fetal growth restriction and resorption in rats 
[290] and antibodies raised against P. gingivalis 
caused fetal loss when passively administered 
into mice [291].

The maternal-fetal interface represents an 
immunologically unique site that must promote 
immune tolerance to the fetus while at the same 
time maintaining a robust host defense against 
possible infections. Even though little is known 
about the role of innate immune receptors dur-
ing pregnancy, it was known that the placenta 
expresses toll-like receptors (TLRs) during 
normal pregnancy [292]. Periodontal disease 
or the presence of periodontal pathogens such 
as T. denticola and P. gingivalis has been 
shown to increase the expression of TLRs, sug-
gesting increased innate immune responses. 
Chaparro et  al. demonstrated the presence of 
P. gingivalis, A. actinomycetemcomitans, F. 
nucleatum, T. denticola, and T. forsythia using 
the polymerase chain reaction (PCR) tech-
nique on placental biopsy of pregnant women 
with periodontal disease obtained after asep-
tic placental collection at the time of deliv-
ery. They also showed a significant increase 
in the expression of TLR-2 in the placentas of 
the case-patients but not in the control group 
[293]. Although more studies will be required 
to establish conclusively that there is a cause-
and-effect relationship between periodontal 
disease and adverse pregnancy outcomes, the 
results so far suggest that preventive measures 
against periodontal disease in pregnant women 
will be protective to the babies.
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11.1  Introduction

The major, or more accurately keystone, patho-
gen in periodontitis is Porphyromonas gingivalis, 
an indigenous organism found in the oral cavity 
of most adults. P. gingivalis is well adapted to the 
subgingival ecosystem, where it can be located 
on the root surface, in the gingival crevicular 
fluid, as well as in and on gingival epithelial 

cells [1, 2]. A variety of properties underpin the 
success of P. gingivalis in the complex subgin-
gival microenvironments. P. gingivalis expresses 
fimbrial and other surface protein adhesins that 
mediate attachment to other biofilm constitu-
ents and to host surfaces such as epithelial cells 
[2–7]. An asaccharolytic organism, P. gingivalis, 
secretes proteases, including the arginine- and 
lysine-specific gingipains, to provide peptides 
and amino acids for growth. Hemin released from 
heme-containing proteins such as hemoglobin is 
acquired by a number of hemin transport systems 
as the primary source of iron [1, 8, 9]. While 
normally in a homeostatic relationship with the 
host, if uncontrolled the factors that contribute 
to colonization and survival can also contribute 
to  dysbiosis and tissue destruction. Moreover, 
the usual ecological context of P. gingivalis is a 
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constituent of a polymicrobial biofilm, and other 
community inhabitants can exacerbate or restrain 
pathogenic potential [1, 5, 10]. Similarly, P. gin-
givalis as a keystone pathogen can modulate 
overall community pathogenicity, or nososym-
biocity [10, 11], and it is the community that is 
the fundamental etiological unit initiating peri-
odontal diseases. The concept of nososymbiocity 
gives rise to novel approaches for the control of 
the bacterial component in periodontal diseases. 
Community engineering to reduce nososymbioc-
ity may be a more viable strategy than attempt-
ing to eliminate P. gingivalis, which is difficult to 
achieve as the organism is embedded in biofilms 
and within epithelial cells. Favoring the growth 
of organisms that are antagonistic to P. gingivalis 
and reducing the levels of synergistic or acces-
sory pathogens would impede the transition to a 
homeostatic community to a pathogenic entity. 
More specifically, targeting the molecules that 
effectuate the interaction of P. gingivalis with 
other community participants and the increase 
in nososymbiocity have shown promise in both 
in vitro and in vivo studies.

11.2  P. gingivalis Community 
Development

The accumulation of periodontal bacteria into 
heterotypic communities is driven by co- adhesive 
and physiological compatibility. Thus, organisms 
that can provide nutrients for mutual growth tend 
to attach to each other and associate together, 
and this underlies structural partitioning within 
communities [2, 5]. As a strict anaerobe, P. gin-
givalis also benefits from the metabolic activ-
ity of the antecedent community which reduces 
oxygen levels. P. gingivalis binds avidly to the 
early biofilm colonizers such as actinomyces and 
streptococci, and the importance of attachment 
of P. gingivalis to a streptococcal substratum is 
evident from human studies. Oral introduction of 
P. gingivalis in human volunteers results in the 
organism initially localizing almost exclusively 
on streptococcal-rich supragingival plaque [12], 
and P. gingivalis is frequently detected in the 
supragingival plaque of healthy humans [13–23]. 

Oral streptococci also comprise a significant por-
tion of the microbial population of subgingival 
plaque [24–34], and P. gingivalis is often isolated 
together with streptococci, including S. gordonii, 
from subgingival plaque samples [35]. Moreover, 
imaging studies of human dental plaque have 
revealed highly organized microbial consortia, 
within which Porphyromonas associates with 
streptococci and a number of other taxa [36, 37].

The molecular basis of attachment to 
Streptococcus gordonii has been defined in detail 
[38–40]. Co-adhesion is mediated by two sets of 
adhesin-receptor pairs: the FimA and Mfa1 com-
ponent fimbriae of P. gingivalis which interact 
with streptococcal GAPDH and SspA/B surface 
proteins, respectively (Fig. 11.1). The accumula-
tion of P. gingivalis also requires sensing of the 
streptococcal metabolite para-amino benzoic acid 
(pABA) [40] which is utilized in the tetrahydro-
folate pathway. Both chemical sensing through 
pABA and physical attachment interface with 
a tightly regulated signal transduction cascade 
within P. gingivalis based on protein tyrosine 
(de)phosphorylation [41, 42] (Fig.  11.2) which 
controls the expression of fimbrial adhesins 
and the extent of community development [40]. 
Communities of P. gingivalis-S. gordonii are 
synergistically pathogenic in the murine model 
of alveolar bone loss [43], and hence the asso-
ciation of P. gingivalis with S. gordonii provides 
a therapeutic target for restricting the pathogenic 
potential of P. gingivalis.

11.3  Inhibition of Fimbrial 
Assembly

The fimbriae of P. gingivalis mediate most of the 
adhesive properties of the organism and can bind 
to other bacteria, host cells, and extracellular 
matrix proteins [5, 44, 45]. The Mfa1 fimbriae 
of P. gingivalis, which engage with the strepto-
coccal SspA/B surface protein, are assembled 
by a unique mechanism that entails proteo-
lytic processing of lipidated precursor subunits. 
Polymerization of processed subunits occurs on 
the cell surface by a donor strand exchange (DSE) 
mechanism which can involve either the N- or 
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C-terminal regions [46, 47]. Given their novel 
extracellular assembly mechanism and their criti-
cal role in P. gingivalis colonization, the Mfa1 
fimbriae are potential targets for disruption or 
prevention of P. gingivalis community develop-
ment. Alaei et al. [48] established that a 9- residue 
peptide derived from the Mfa1 C-terminal region 
significantly inhibited fimbrial polymerization 
through competing with the endogenous subunit 
pro region and donor strand for binding in the 
cognate hydrophobic groove. Moreover, the Mfa1 
C-terminal peptide caused a significant reduction 
in P. gingivalis adhesion to S. gordonii in a dual 
species community model. Since the assembly 
of the Mfa1 fimbriae occurs on the extracellular 
surface, inhibitory molecules do not need to cross 

the bacterial membranes. Hence molecules based 
on the Mfa1 C-terminal region have promise for 
delivery in the oral cavity.

11.4  Mimicking the Streptococcal 
Receptor for P. gingivalis

The SspA/B adherence-mediating domain (des-
ignated BAR, SspB Adherence Region) is also 
well characterized, and spans amino acid (aa) 
residues 1167–1193. BAR is fully conserved 
between SspA and SspB [49] and contains three 
distinct functional domains that encompass 
aa residues 1182–1186 (NITVK), 1174–1178 
(VQDLL), and 1168–1171 (EAAP). Within 
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Fig. 11.1 Structures required for the maintenance and 
stabilization of P. gingivalis–S. gordonii co-adhesion. 
Center panel shows the FimA–GAPDH and Mfa1–SspA/B 
adhesin–receptor pairs. The left panel shows the interact-
ing domains of the FimA and GAPDH proteins with the 
amino acid (aa) residues indicated. The upper right panel 
shows the domain structure of the SspB protein and the 
aa residues involved in recognition of Mfa1. LP leader 

peptide, Ala alanine-rich repeats, V variable region, Pro 
proline-rich repeats, BAR Mfa1-interacting domain, CWA 
cell wall anchor. BAR spans aa residues 1167–1193, and 
the EAAP, KKVQDLLKK, and NITVK sequences are 
involved in Mfa1 recognition. The lower right panel shows 
the structure of the SspB C-terminal region with the pro-
truding BAR handle. Reproduced with permission from 
[44] https://doi.org/10.1111/j.1365-2958.2011.07707.x
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the NITVK domain, the N1182 and V1185 
residues are essential for recognition by Mfa1 
[50]; however, it is the physical properties of 
the amino acids occupying the 1182 and 1185 
positions which dictate activity. Substitution of 
basic amino acids for N1182 and substitution of 
hydrophobic residues for V1185 enhance bind-
ing to Mfa1, indicating that both electrostatic 
and hydrophobic interactions contribute to the 
BAR- Mfa1 interaction [51]. The VQDLL motif 
of BAR constitutes an α-helix that resembles the 
eukaryotic nuclear receptor box domain which is 
involved in protein–protein interactions through 
a hydrophobic or amphipathic α-helical motif 
[52]. The VQDLL domain is flanked on either 
side by two lysine residues which may stabilize 
the initial binding through a charge clamp mech-
anism. EXXP, which is a Ca2+ binding motif, is 
represented in BAR by EAAP [43], and crystal-
lography data show that Pro1171 constrains the 
amphipathic VQDLL α-helix such that hydro-
phobic residues V1174, L1177, and L1178 face 
a hydrophobic contact surface [53]. Further, 

the crystal structure shows that the NITVK and 
VQDLL motifs protrude from the polypeptide in 
a configuration described as an attachment “han-
dle,” and this structure is stabilized by Ca2+ [53]. 
A synthetic peptide based on the BAR region 
inhibits P. gingivalis-S. gordonii co-adhesion 
and community development and diminishes the 
pathogenicity of P. gingivalis in a mouse model 
of periodontitis. In order to develop clinical 
applicability, mechanisms that allow the deliv-
ery of sustained high concentrations of BAR 
have been explored [54]. The incorporation of 
BAR into poly (lactic-co-glycolic acid) (PLGA) 
and methoxy-polyethylene glycol PLGA 
 (mPEG- PLGA) nanoparticles (NPs) resulted in 
sustained release of active BAR concentrations 
[55]. The BAR-encapsulated NPs were capable 
of inhibiting P. gingivalis-S. gordonii community 
formation and disrupting pre-existing communi-
ties [55]. BAR-encapsulated NPs may thus pro-
vide a potent platform to disrupt the association 
between P. gingivalis and S. gordonii. However, 
the use of peptides as topically applied therapeu-
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CdhR CdhRmfa1 mfa1

Mfa1

fimA fimA
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Ptk1 Ptk1
time
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pathogenic
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Fig. 11.2 Communication in P. gingivalis-S. gordonii 
communities. Interactions between P. gingivalis and S. gor-
donii resulting from metabolite (pABA) perception (left) 
and direct contact (right). pABA secreted by S. gordonii 
inactivates the P. gingivalis tyrosine phosphatase Ltp1. 
Dephosphorylation and inactivation of the tyrosine kinase 
Ptk1 are thus reduced. Ptk1 phosphorylates and inactivates 
the transcription factor CdhR, which is a repressor of the 
mfa1 gene. Ptk1 activity also converges on the expression 
of the fimA gene. The expression of both fimbrial adhesins 
is increased, and in this mode P. gingivalis is primed for 
attachment to S. gordonii. However, nososymbiocity is 

reduced, and pABA-treated P. gingivalis cells are less 
pathogenic in animal models. The engagement of Mfa1 
with the streptococcal SspA/B surface protein increases 
Ltp1 and reverses information flow through the Ltp1–Ptk1 
axis. In addition, Mfa1–SspA/B binding suppresses the 
expression of chorismate binding enzyme (Cbe), which is 
responsible for pABA production. Prolonged physical 
interaction between P. gingivalis and S. gordonii leads to 
increased nososymbiocity, and dual infection of animal 
models causes more alveolar bone loss than P. gingivalis 
infection alone. Reproduced with permission from [2] 
https://doi.org/10.1038/s41579-018-0089-x
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tic agents in the oral cavity is problematic due to 
the cost of peptide synthesis and susceptibility 
to proteases which are produced in abundance 
by oral bacteria. Small-molecule mimetics of 
BAR are therefore an attractive alternative. Patil 
et  al. [56] synthesized stable small-molecule 
mimetics of the BAR region by joining mimics 
of VXXLL and NITVK through the “click” reac-
tion. Molecules with a 2,4,5-trisubstituted oxa-
zole framework blocked P. gingivalis adherence 
to S. gordonii in vitro when “click” coupled with 
substituted arylalkynes. Moreover, community 
development was also inhibited in the presence 
of Fusobacterium nucleatum, which can bind 
to both P. gingivalis and S. gordonii, indicating 
the potential for efficacy in the more complex 
multispecies plaque biofilm environment in vivo 
[57]. Significantly, several of the BAR-derived 
compounds reduced alveolar bone loss in mice 
infected with P. gingivalis-S. gordonii commu-
nities. The most-active compounds were com-
pact molecules with short intraatomic distances 
between the fluorine and methoxy groups.

11.5  Antagonistic Interactions 
Among Oral Bacteria

In addition to polymicrobial synergy, antagonis-
tic interactions among oral organisms also occur. 
Interbacterial antagonistic interactions may arise 
through competition for nutrients or space, or can 
be mediated by specific toxic compounds such as 
bacterocins and antibiotics, or by type VI secre-
tion systems. In the oral cavity, pH is also impor-
tant and Streptococcus mutans which is strongly 
acidogenic can inhibit the growth of Treponema 
denticola and P. gingivalis [58]. Hydrogen per-
oxide produced by oral streptococci is also toxic 
to other organisms such as Aggregatibacter 
actinomycetemcomitans [59, 60]. Another 
example of rivalry is illustrated by P. gingivalis 
and Streptococcus mitis. P. gingivalis is able to 
induce DNA fragmentation and death in S. mitis 
[61], consistent with the overarching keystone 
pathogen concept that P. gingivalis can orches-
trate the composition and function of oral micro-
bial communities.

11.6  Inhibition of Virulence 
Expression in P. gingivalis by 
S. cristatus

Thee expression of the virulence genes is regu-
lated in P. gingivalis in response to precarious 
environments. Noteworthy results from oral bac-
terial cell-cell communication studies indicate 
that the expression of FimA, the major subunit 
protein of the long fimbriae of P. gingivalis, 
is suppressed in the presence of S. cristatus. 
Consequently, P. gingivalis binds poorly to the 
surface of S. cristatus and the two organisms do 
not accumulate into dual species communities 
[62]. These data suggest that S. cristatus may 
have an ability to re-direct the development of 
pathogenic dental biofilms by preventing P. gin-
givalis attachment and colonization. This con-
cept is supported by the findings that, unlike the 
case for S. gordonii [43], oral infection of experi-
mental animals with P. gingivalis and S. cristatus 
together results in less alveolar bone loss com-
pared to P. gingivalis alone [63]. Additionally, 
the examination of patients with periodontitis 
demonstrated an inverse relationship between the 
number of S. cristatus and P. gingivalis cells in 
dental plaque [64].

The investigation of the molecular basis of 
the antagonistic interactions between P. gingi-
valis and S. cristatus identified a surface pro-
tein of S. cristatus, arginine deiminase (ArcA), 
as the signaling molecule to which P. gingiva-
lis responds by repressing the expression of the 
fimA gene [65]. ArcA catalyzes the hydrolysis of 
L-arginine to L-citrulline and ammonia, and the 
latter is believed to be important for oral biofilm 
pH homeostasis and also caries prevention [66]. 
The reduction in arginine levels can also impede 
the ability of P. gingivalis to form communities 
with oral streptococci [67].

Many species of streptococci are arginine 
deiminase-positive [68]; however, the expres-
sion of the arcA gene varies significantly. Under 
standard growth conditions, S. cristatus transcript 
levels are almost 15-fold higher than those in S. 
gordonii [69]. Relatively lower ArcA expression 
in S. gordonii compared to S. cristatus may be one 
factor that contributes to the different relationships 
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of each of these organisms with P. gingivalis. The 
inhibition of FimA production in P. gingivalis 
may require a relatively high expression of arcA, 
and the limited expression of arcA in S. gordonii 
consequently is not able to induce a response in 
P. gingivalis. The mechanistic basis of differential 
expression of arcA in various streptococcal spe-
cies is not well defined, but sequence variation in 
the promoter regions of arcA likely plays a key 
role in dictating the level of gene expression [69]. 
ArcA from S. intermedius also downregulates 
fimA transcription as well as the expression of 
the mfa1 gene encoding the Mfa1 minor fimbrial 
adhesive subunit protein [67, 70]. Despite the 
overall similarity in outcomes, the mechanisms of 
action of ArcA in P. gingivalis antagonism may 
differ between S. intermedius and S. cristatus. In 
the case of S. intermedius the enzymatic function 
of ArcA is necessary for antagonistic activity. For 
S. cristatus, the converse may be the case as the 
arginine deiminase inhibitors, aminoguanidine 
and L-lysine, while being able to block the argi-
nine deiminase activity of ArcA, had no effect on 
the inhibition of fimA expression [65]. Moreover, 
transwell experiments show that the P. gingivalis–
S. cristatus antagonistic interaction requires direct 
cell–cell contact [71].

A systematic analysis of the active domains 
of ArcA from S. cristatus identified an 11-mer 
peptide with the native amino acid sequence 
(NIFKKNVGFKK) which could bind tightly to 
the surface of P. gingivalis [71]. Strikingly, in 
addition to the inhibition of fimA transcription, 
this peptide also inhibited the expression of sev-
eral virulence genes in P. gingivalis, including 
mfa1 and genes encoding the gingipain proteases 
(rgpA/B and kgp), with half-inhibitory concentra-
tions (IC50) of around 10 μM.  Consistent with 
the suppression of transcripts, the production of 
fimbrial proteins and gingipains was also sig-
nificantly reduced when P. gingivalis was treated 
with this peptide, which thereby was designated 
Streptococcal-derived Anti-P. gingivalis Peptide 
(SAPP).

The ability of SAPP to prevent community 
development has been demonstrated through 
in vitro and ex vivo studies. Treatment of P. gin-
givalis with SAPP significantly reduced the for-

mation of monospecies biofilms of P. gingivalis 
strains including both fimbriated and afimbriated 
lineages. This result is significant as strains of P. 
gingivalis devoid of fimbriae have been be iso-
lated from periodontal pockets. SAPP can also 
inhibit the development of heterotypic P. gingi-
valis- S. gordonii communities and attachment 
of P. gingivalis to saliva-coated surfaces [71]. 
Another important finding is that SAPP not only 
inhibits P. gingivalis attachment to saliva-coated 
or to streptococcal surfaces but also disrupts 
established P. gingivalis-S. gordonii biofilms. 
Although the mechanism is unclear, it is specu-
lated that SAPP inhibits re-entry of the detached 
P. gingivalis cells into the biofilm. Dispersed P. 
gingivalis cells will then have a greater chance of 
being eliminated from the oral cavity due to swal-
lowing or expectoration. SAPP also works effec-
tively to impede multi-species biofilm formation. 
In an ex vivo study, dental plaque retrieved from 
periodontitis patients was grown in the pres-
ence or absence of SAPP [72]. Bacteria bound 
to culture well surfaces were collected, and the 
number of sessile bacteria was determined using 
qPCR.  The amount of P. gingivalis detected in 
complex multi-species biofilms cultured with 
SAPP was significantly lower than that found in 
wells without SAPP.  This inhibitory activity is 
not strain-specific, as the effects of SAPP on the 
inhibition of P. gingivalis attachment were found 
with four distinct fimA genotypes (I, II, III, and 
IV). More remarkable was the finding that along 
with P. gingivalis, other chronic periodontitis- 
associated bacteria, Tannerella forsythia and 
Treponema denticola, were also significantly 
reduced in abundance in biofilms in the pres-
ence of SAPP.  However, there was no signifi-
cant difference in the numbers of streptococci in 
biofilms cultured in the presence or absence of 
SAPP. These data suggest that SAPP may affect 
colonization of other periodontal pathogens in 
highly orchestrated oral microbial biofilms and 
that P. gingivalis, as a keystone bacterium, plays 
an important role in modulating the composition 
of multispecies biofilms, as has been demon-
strated in animal studies [11].

Another important aspect to the pathoecol-
ogy of P. gingivalis in the gingival compartment 
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is the ability of the organism to enter into gingi-
val epithelial cells and reside intracellularly for 
extended periods [73]. The invasion of P. gingiva-
lis is initiated following the stimulation of epithe-
lial cell integrin receptors by the FimA adhesin 
[74]. The invasion efficiency of P. gingivalis 
strains grown with SAPP at 2 × 50% of inhibitory 
concentration of fimA expression was reduced by 
approximately five-fold compared with P. gin-
givalis without SAPP treatment. Intracellular P. 
gingivalis impinge on a number of eukaryotic 
signal transduction pathways some of which con-
verge on cytokine and chemokine expression, a 
phenomenon known as immune paralysis [2, 75, 
76]. Further, P. gingivalis gingipains can degrade 
several cytokines/chemokines. Another feature 
of SAPP is its ability to reverse impaired secre-
tion of cytokines and chemokines induced by P. 
gingivalis. The accumulation of IL-6, IL-8, and 
MCP-1 (Monocyte chemoattractant protein 1), 
in the extracellular milieu of gingival epithelial 

cells, was restored when P. gingivalis was pre-
treated with SAPP (Fig. 11.3). IL-8 and MCP-1 
are both well-known chemoattractant cytokines. 
MCP-1 plays important roles in regulating the 
migration and infiltration of monocytes/macro-
phages [77], while IL-8 is involved in the recruit-
ment of neutrophils to the site of infection [78]. 
By preventing P. gingivalis antagonism of these 
compounds, SAPP may be able to reduce the 
impairment of host immunity by P. gingivalis, 
which in turn may facilitate the maintenance of 
periodontal tissue homeostasis.

SAPP is an 11-mer peptide with molecular 
weight of 1322.62 Da and theoretical isoelectric 
point (pI) of 10.48. The secondary structure of 
SAPP as determined by circular dichroism (CD) 
spectroscopy shows it exists as a random coil 
in water. SAPP also appears to have no signifi-
cant helical propensity, as helix structures were 
not formed in the presence of tri-fluoroethanol, 
a helix-inducing agent [72]. SAPP is soluble in 
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Fig. 11.3 The role of SAPP in reversing P. gingivalis 
induced immune paralysis. (a) Gingival epithelial cells 
were reacted with PBS, P. gingivalis 33277, P. gingivalis 
treated with SAPP (30 μM), or P. gingivalis treated with a 
SAPP analog (P10). Levels of 10 selected cytokines 
secreted into the media were determined by a protein 
array. Each antibody is printed in quadruplicate horizon-

tally: A1 and A2 are biotin-labelled IgG (positive control); 
B1 is IL-1α; B2 is IL-1β; C1 is IL-4; C2 is IL-6; D1 is 
IL-8; D2 is IL10; E1 is IL-13; E2 is MCP-1; F1 is INF-γ; 
and F2 is TNF-α. (b) Quantitation of array data for three 
selected cytokines. Asterisks indicate significant differ-
ences in the levels of cytokines detected with or without P. 
gingivalis treatment (t test, p < 0.05)
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water and PBS, and is relatively stable for at least 
24 h at 25 °C. However, gradual degradation of 
SAPP occurs in diluted whole saliva within a 24 h 
period. Toxicology studies detected no plasma 
membrane impairment in gingival epithelial cells 
or in human periodontal ligament fibroblasts 
(HPLFs) after exposure to SAPP at concentra-
tions as high as 800 μM (approximately 80 times 
greater than the IC50 for fimA and rgpA expres-
sion) for as long as 48 h. Moreover, SAPP treat-
ment also did not induce apoptosis or necroptosis 
of these cell types. These properties of SAPP 
make it a promising agent for therapeutic devel-
opment against chronic periodontitis.

The mechanism by which SAPP initiates sig-
nal transduction in P. gingivalis is currently not 
clear, although direct interaction between SAPP 
and P. gingivalis cells appears to be required. 
Fluorescently labeled SAPP can be detected on 
P. gingivalis surfaces after a 15  min exposure, 
and a time-dependent increase in SAPP binding 
was observed during a 1 h exposure (Fig. 11.4) 
[72]. Two functionally inactive SAPP derivatives 
that have one or two residues substituted with 
alanine failed to bind efficiently to P. gingivalis 
cells. SAPP binds specifically to P. gingivalis, 
and as shown in Fig. 11.4, SAPP interacts with 
both fimbriated and afimbriated stains (33277 
and W83) but not with S. gordonii. Two surface 
proteins of P. gingivalis, a major immunodomi-
nant antigen (RagB, PGN_0294) and a protein 
of the MotA/TolQ/ExbB proton channel family 
(PGN_0806), were identified as putative recep-
tors of SAPP. The deletion of the genes encod-
ing these proteins significantly reduced the P. 
gingivalis response to SAPP.  Previously, the 

Pseudomonas aeruginosa TonB–ExbB–ExbD 
protein complex was reported to be involved in 
signal transduction [79]. Moreover, RagA, which 
is thought to associate with RagB on the P. gin-
givalis surface, is a TonB-dependent receptor 
[80–82]. Hence  TonB- dependent transportation 
may be necessary for SAPP action.

11.7  Conclusion

Treatment of chronic periodontitis convention-
ally involves surgical and nonsurgical mechanical 
therapies that physically remove the plaque bio-
film. In cases of severe and refractory manifesta-
tions of the disease, the treatments are sometimes 
supplemented with systemic or local administra-
tion of antibiotics [83–85]. Concerns regarding 
the use of antibiotics include the disruption of 
symbiotic or mutualistic relationships between 
the host and commensal microbiota [86], and 
the emergence of oral bacteria resistance to anti-
biotics [87]. In either event, currently available 
treatments for periodontitis are often only tem-
porarily effective and recurrence of the disease 
is common [88, 89], possibly due to incomplete 
pathogen elimination [90]. Therefore, therapeutic 
agents that specifically interfere with the coloni-
zation of periodontal pathogens are an attractive 
and advantageous alternative over conventional 
antibiotics. Compounds that target fimbrial 
assembly or the Mfa1-Ssp interaction show sub-
stantial promise, particularly with regard to the 
development of active small-molecule mimetics. 
The advantage of SAPP is that it inhibits surface 
attachment, host invasion, and biofilm formation 

33277/SAPP, 60 min33277/SAPP, 15 min 33277/SAPP, 30 min W83/SAPP, 60 min G9B/SAPP 60 min

Fig. 11.4 Specific interaction of SAPP and P. gingivalis 
strains. Biofilms of P. gingivalis 33277, W83, and S. gor-
donii G9B were formed on saliva-coated glass and 

exposed to FITC-labeled SAPP (5  μM) for 15, 30, or 
60 min. Bacterial-associated SAPP (green) was visualized 
using confocal microscopy

H. Xie and R. J. Lamont



183

of P. gingivalis in vitro by repressing the expres-
sion of a plurality of virulence factors including 
the fimbrial adhesins and gingipain proteases. 
Importantly, SAPP has a broad, though species-
specific, activity against a spectrum of P. gin-
givalis strains but not oral commensal bacteria. 
Selectively targeting P. gingivalis has the added 
advantage of preventing the pathogenic influence 
of the keystone pathogen on the entire commu-
nity, and thus potentially maintaining a healthy 
oral microbiota.
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Periodontitis (PD) is an inflammatory disease 
characterized by progressive destruction of the 
tooth-supporting structures, often leading to tooth 
loss. It affects over 700 million people worldwide 
and is one of the major oral conditions globally 
after caries that is estimated to cost $442 billion 
per year [1–3]. PD is induced by a subgingival 
polymicrobial community in which a bacterial 
triad known as the red complex comprising of 
Porphyromonas gingivalis (Pg), Treponema den-
ticola (Td), and Tannerella forsythia (Tf) is 
strongly represented. The environmental niche 
that these bacteria inhabit, as with most human 

mucosal infections and colonizable surfaces such 
as the airways, gut, and female reproductive tract, 
is rich in glycoproteins decorated with N- or 
O-linked sugar-glycan chains, of which most are 
capped at the terminal end with the 9-carbon 
sugar, sialic acid (Neu5Ac) [4]. A wide variety of 
pathogens from different genera inhabiting a 
range of niches within the body, including the oral 
cavity, are known to utilize Neu5Ac as a source of 
carbon and nitrogen or to cloak their surface to 
avoid immune attack (please see review [5]). 
Likewise, the red-complex bacteria have been 
shown to produce sialidase that cleaves the termi-
nal sialic acid from glycoprotein-linked glycans 
on the surface of epithelial cells, immune cells, 
and oral secretions such as gingival crevicular 
fluid (GCF). In this review, we summarize accu-
mulating evidence demonstrating that sialic acid 
harvesting by oral pathogens is not only key to 
their survival in the oral cavity but might also be 
responsible for immune dysfunction and disrup-
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tion of tissue integrity observed in periodontitis. 
Further, we propose that sialidase inhibition with 
sialidase-targeting pharmacological drugs, such 
as those currently employed for influenza and also 
from a range of other sources, may be an attrac-
tive adjunct therapy in controlling periodontitis. 
While sialidase production is a prominent feature 
of the red-complex bacteria, it is not limited to 
these species in the oral cavity. For example, sev-
eral oral commensal and opportunistic organisms 
such as Streptococci spp. (mitis, oralis, interme-
dius), Capnocytophaga spp., Actinomyces naes-
lundii, Actinomyces oris, Prevotella oralis, 
Bifidobacterium dentium, and Propionibacterium 
acnes produce related sialidases [6, 7]. It is likely 
that both the nature of physical niche in the mouth 
and the physiology of individual species dictate 
the importance of sialidase activity in a given set-
ting. Among the species that might be considered 
as early or primary colonizers of tooth surfaces in 
the mouth such as Streptococci, Actinomyces, 
Bifidobacterium, and Propionibacterium are sac-
charolytic organisms where their primary carbon 
source is often glucose or other dietary sugars, 
meaning sialidase activity might chiefly be pres-
ent to access underlying sugars as part of a more 
versatile catabolic profile. However, as these 
organisms are not in direct contact with mucosal 
surfaces, or immune cells, the impact of their sial-
idases on inflammation is expected to be limited 
at best.

Moreover, some bacteria in the oral microbi-
ota that do not produce their own sialidase likely 
benefit from sialidase activity of other bacteria. 
For example, some Fusobacterium spp. can 
catabolize exogenous sialic acid for energy or 
reprocess sialic acid to decorate their surface 
with the sugar [5]. Still others can also benefit 
from community sialidase activity, which might 
allow them to utilize sialic acid or bind to under-
lying sugars (cryptic epitopes) on glycans, e.g., S. 
gordonii, S. mutans, S. sanguinis, and S. salivar-
ius [7–10]. The contribution of sialidase activity 
in periodontal inflammation has recently come to 
light from clinical observations of raised levels of 
sialidase activity in GCF of periodontitis patients 
[11]. The negative impact of sialidase activity on 
periodontal disease is heightened since in the 

context of the subgingival environment of the 
periodontal pocket, sialidase activity can disrupt 
the integrity (structure-function) of host glyco-
proteins, disrupt pattern-recognition receptor 
(TLRs) signaling in infiltrating immune cells as 
well as epithelial layers, and promote the sur-
vival, persistence, and pathogenesis of periodon-
tal bacteria.

12.1  Sialic Acid Foraging by 
Periodontal Pathogens

Current evidence indicates that the key periodontal 
pathogens P. gingivalis, T. denticola, and T. for-
sythia strictly rely on host-derived sialic acid for 
their survival in the oral cavity and virulence. This 
is unlike many other human pathogens such as 
Campylobacter jejuni, Neisseria meningitidis, and 
some Fusobacterium spp. that have dedicated bio-
synthetic pathways to synthesize their own sialic 
acid [5]. The work from our groups showed that T. 
forsythia mutants lacking sialidase and the sialic 
acid transporter NanT are unable to acquire envi-
ronmental sialic acid and are severely attenuated 
in biological activities such as survivability in bio-
films on sialoglycoprotein substrates [12] and 
interactions with and survival on epithelial cells 
[13, 14]. In addition, other groups have shown that 
sialidase deletion in a capsulated strain of P. gingi-
valis results in reduced capsule thickness pheno-
type [15] and gingipain protease expression [16]. 
These studies showed that compared to the wild-
type capsulated strain, a sialidase-deficient mutant 
in vitro formed less biofilms and was less resistant 
to killing by the host complement [15]. Moreover, 
while the wild-type strain was able to spread to 
multiple organs and cause mouse mortality fol-
lowing subcutaneous infection, the sialidase- 
deficient mutant was found to be highly attenuated 
showing only localized spreading and ineffective 
in causing mortality in mice. In the case of T. den-
ticola, sialidase deficiency caused an increased 
surface deposition of complement attack complex 
and reduced virulence in a mouse model [17]. In 
addition, though it is yet to be established in the 
periodontal setting, our groups have preliminary 
evidence of sialidase-dependent modulation of 
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epithelial and monocyte responses to LPS stimula-
tion, and as such sialic acid scavenging might 
exacerbate inflammation by affecting TLR signal-
ing. In this scenario, periodontal pathogen-secreted 
sialidases might contribute to subgingival inflam-
mation through increasing TLR4 responsiveness 
to LPS as it has been shown that desialylation of 
TLR4 promotes its dimerization and activation at 
other human mucosal layers [18]. Moreover, siali-
dase-mediated desialylation is a mechanism 
through which one of the immunosuppressive cir-
cuits is compromised in immune cells dependent 
on Siglecs (sialic acid-binding immunoglobulin-
type lectins) [19]. In a normal homeostatic state, 
Siglec-G/10 (G, mouse/10, human) binds a 
sialylated receptor CD24 and induces an inhibi-
tory circuit that attenuates TLR signaling. Indeed, 
the data from our lab show that T. forsythia siali-
dase treatment in vitro can increase TLR4 activa-
tion in macrophages (unpublished). Thus, sialic 
acid utilization by pathogens can take roles in 
immune evasion and dysregulation, community 
biofilm development, and pathogen survival. 
Plausibly, the sialidase activity might also assist 
periodontal pathogens in mitigating the toxic 
effects of ROS (reactive oxygen species) in the 
inflamed periodontal pockets as released sialic 
acid residues can act as scavengers of peroxide 
residues [20, 21]. Taken together, these findings 
demonstrate that sialidase is an important and 
common virulence determinant that may contrib-
ute to the pathogenicity of periodontal pathogens.

As mentioned above, both P. gingivalis and T. 
denticola possess sialidases that have been shown 
to be key to their survival and virulence [15–17]. 
Both P. gingivalis and T. denticola sialidases dis-
play a similar domain organization with a 
C-terminal catalytic domain with homology to 
glycosyl hydrolase 33 (GH33) family 
carbohydrate- active enzymes in the CAZy data-
base [22] that is preceded by an N-terminal 
domain, which in the case of T. denticola is a 
putative peptidoglycan binding domain [17] while 
in the case of P. gingivalis shows no homology to 
any of the known protein domains in the sequence 
or structural databases (Fig. 12.1). Despite clear 
data existing that T. denticola seems to require 
sialidase activity or monomeric sialic acid for 
growth in serum, its genome sequence lacks any 
homologs of sialic acid catabolic genes [17], sug-
gesting the existence of novel pathways.

In contrast, biochemical and functional knowl-
edge of the T. forsythia NanH sialidase is well 
advanced, mostly from work in our teams. As 
with P. gingivalis and T. denticola, we have 
revealed that T. forsythia sialidase is key to the 
bacterium’s microbiology and virulence [5, 12–
14]. However, unlike P. gingivalis and T. dentic-
ola, it expresses its sialidase, NanH, encoded by 
the nanH gene, as part of a dedicated sialic acid 
scavenging, transport, and utilization operon 
(Fig. 12.1). Of note, this operon is present in all 
of the T. forsythia strains sequenced to date, 
including the genomes of three clinical isolates 
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Fig. 12.1 Schematic representation of periodontal patho-
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are indicated in red. N-terminal domains are indicated in 
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recently sequenced by our group [23] and in 
metagenomic reconstruction from ancient calcu-
lus [24]. Notably the nan operon is missing from 
the related Tannerella BU063 strains isolated to 
date. NanH is a 62 kDa secreted enzyme again 
comprising two domains with the C-terminal 
domain comprising a catalytic domain that is a 
member of the GH33 family mentioned above. It 
contains five Asp-box motifs, a conserved cata-
lytic Arginine triad, and FRIP-motif (Fig. 12.1). 
Once again T. forsythia NanH possesses a 
170–180-amino-acid-long, N-terminal domain 
with no sequence or structural homology in the 
PDB database outside of sialidase enzymes found 
within members of the Bacteroidetes. The NanH 
N-terminal domain has now been characterized 
by our groups as a novel carbohydrate-binding 
module (CBM) with broad specificity for host 
glycans but which prefers sialylated glycans and 
those with alpha-2,3 glycosidic linkages [25]. As 
mentioned above, NanH is associated with a 
novel sialic acid utilization system which con-
tains a novel transporter system (NanOUT) [26–
28] for the uptake of monomeric sialic acid and a 
9-0-sialate-acetylesterase (NanS) [26]. This 
NanS enzyme is novel in its class as it contains 
two SGNH-like Sialate-esterase domains and 

acts to enhance release of Neu5Ac (sialic acid) 
from host glycoproteins containing diacetylated 
sialic acids (Neu5,9Ac) that block the action of 
sialidases (ref). Furthermore, in the nan operon, 
NanH is followed by a β-hexosaminidase [29], 
which may act to release subsequent sugars 
within host glycans [26], and a predicted sialic 
acid mutarotase that improves utilization of the 
alpha anomeric form of sialic acid [30].

In addition, our studies have shown that the 
release, transport, and utilization of sialic acid 
are critical to the interaction and survival of T. 
forsythia with epithelial cells as well as bacteri-
um’s growth in glycoprotein-based biofilms [12–
14, 29]. These data shed light on the ability of the 
bacterium to cleave and utilize host Neu5Ac as a 
survival strategy whereby removal of terminal 
sialic acid residues in host glycoproteins in sali-
vary secretions and on epithelial cells allows the 
bacterium to colonize and utilize the liberated 
sialic acid as a source of carbon and nitrogen and 
possibly as a precursor for the peptidoglycan 
(PGN) synthesis (Fig. 12.2). This is pertinent as 
PGN synthesis pathways are notably lacking in T. 
forsythia, which cannot de novo synthesize the 
PGN amino sugar N-acetylmuramic acid 
(MurNAc) from simple nonamino sugars. While 
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it is able to uptake muropeptides released by 
other bacteria in the oral cavity, e.g., 
Fusobacterium nucleatum [31], we postulate that 
the role of T. forsythia sialidase in liberating free 
monomeric sialic acid might be critical for the 
bacterium’s survival in the oral cavity as sialic 
acid could serve as an alternative source for 
MurNAc synthesis as we have suggested previ-
ously [28]. This is significant as the human host 
is also unable to synthesize and thus provide 
MurNAc to the bacterium. We postulate that by 
harvesting sialic acid as an alternative nutritional 
source, T. forsythia is able to gain a competitive 
edge over the subgingival cohabiting microbiota. 
In support of a notion that sialic acid foraging by 
T. forsythia might be critical in this respect, a 
community-wide transcriptome analysis of the 
subgingival microbiome has indicated that the T. 
forsythia nanH transcript levels likely increase in 
subjects with periodontitis as compared to 
healthy controls [32].

One by-product of this use of sialic acid would 
be a potential increase in availability of peptido-
glycan fragments comprising NOD (nucleotide- 
binding oligomerization domain)-like receptor 
ligands such as muramyl dipeptide (MDP; NOD2 
ligand) and γ-d-glutamyl-meso-diaminopimelic 
acid (iE-DAP; NOD1 ligand) [33] in the subgingi-

val environment which may heighten NOD- 
mediated inflammation. Thus, sialic acid 
scavenging may potentially exacerbate inflamma-
tion by affecting TLR signaling as well as puta-
tively increasing NOD-mediated inflammation.

Taken together, sialic acid cleavage by peri-
odontal pathogens contributes to immune dys-
regulation and evasion, community biofilm 
development, and pathogen survival (Fig. 12.3). 
Importantly, support for the notion that sialic acid 
acquisition by the subgingival microbiome might 
be important in disease progression comes from 
our studies demonstrating a heightened expres-
sion of microbial sialidase activity in diseased 
sites compared to healthy sites and the height-
ened sialidase activity as a predictor of poor stan-
dard treatment outcomes [11].

12.2  Global Sialidase Activity 
and Impact on Health 
and Disease

It is important to take into account the contribu-
tion of sialidase activity of commensal oral 
organisms which may be critical for microbial 
ecology and health or disease in ways that have 
yet to be fully understood. In this regard, the sial-
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idase activity of commensal bacteria may also be 
required for their growth/colonization and thus 
may have roles in maintaining healthy microbi-
ota. The damaging effects of sialidase from com-
mensal bacteria colonizing the supragingival 
niche might be mitigated both due to sialic acid- 
rich salivary mucins acting as a coating layer on 
hard surfaces. The delicate balance between the 
host and the sialidase activity in health is thus 
likely maintained by appropriate host barrier 
functions of salivary proteins including mucins 
and innate immune responses. This is in contrast 
to the subgingival niche and inflamed periodontal 
pockets where sialidases from periodontal patho-
bionts can directly encounter infiltrating immune 
cells (monocytes/macrophages) and influence 
inflammation. In addition, as mentioned above, 
sialidase activity might promote the survival of 
pathobionts in the harsh subgingival environ-
ment; in the case of T. forsythia, sialidase activity 
promotes its growth, and for P. gingivalis and T. 
denticola, sialidase activity is important in pro-
tecting these bacteria against the complement 
attack while it may also allow them easier access 
to underlying protein substrates that are key for 
their virulence and nutrition [15, 17]. Thus, the 
role of sialidase might be context dependent. In a 
periodontitis setting, inflammation and dysbiosis 
due to pathobionts P. gingivalis, T. forsythia, and 
T. denticola and proliferation of commensals 
might further increase global sialidase activity 
and thus synergistically exacerbate periodontitis. 
This notion is supported by observations that 
sialidase activity is elevated in plaque biofilms 
[34] and is high in diseased GCF in patients [11].

12.3  Translational Potential 
of Sialidase Inhibition

The dependence of key periodontal pathogens on 
sialic acid for survival, virulence, and immune 
modulation provides treatment opportunities for 
periodontitis by targeting sialidase activity with 
sialidase inhibitors. The potential translatability 
of blocking periodontal pathogen sialidase activ-
ity, heightened by the availability of several cur-
rent FDA-approved (Tamiflu, Relenza, Peramivir) 

or novel sialidase inhibitors, to alleviate periodon-
titis and associated dysbiosis development and 
inflammation is very promising. Sialidase inhibi-
tors could be used as an adjunct therapy in situa-
tions where periodontal pathogens present 
resistance to antibiotics. This may also minimize 
the use of antibiotics and development of antibi-
otic resistance. Our published and preliminary 
studies have demonstrated that inhibiting siali-
dase function with pharmacological inhibitors 
(FDA-approved zanamivir and oseltamivir) can 
block the ability of T. forsythia to form biofilms 
and survive on sialoglycoconjugates and epithe-
lial cell monolayers, both in mono-species and 
mixed-species infections with P. gingivalis and 
Fusobacterium spp. [12, 14]. Importantly, siali-
dase inhibition can block the availability of sialic 
acid for peptidoglycan biosynthesis in T. for-
sythia, and therefore may reduce any selective 
advantage T. forsythia might have over other bac-
teria in biofilms in vivo. In the case of P. gingiva-
lis, lack of sialidase activity in the bacterium 
results in increasing sensitivity to hydrogen per-
oxide and reduced gingipain protease activity, 
suggesting that sialidase activity might be 
involved in regulating the virulence potential of 
this keystone pathogen [16]. In a capsulated strain 
of P. gingivalis, sialidase activity seems to influ-
ence capsule formation and confer the bacterium 
the ability to resist complement attack [15]. 
Moreover, based on in  vivo studies in a mouse 
model, the role of sialidase activity has been high-
lighted. It has been shown that while wild- type P. 
gingivalis has the ability to disseminate to multi-
ple organs following infection, sialidase defi-
ciency abrogates this ability causing only 
localized spreading around the site of infection 
[15]. In T. denticola, sialidase activity seems to be 
responsible for the acquisition of sialic acid as a 
nutrient as well as for sialic acid modification of 
surface glycoproteins as a means of blocking 
deposition of membrane attack complex and kill-
ing [17]. An obvious next step is therefore to test 
the in vivo potential of these synthetic as well as 
other naturally occurring plant-derived inhibitors 
(berberine and palmatine) [35] against sialidase- 
producing pathogens. In this regard, it is tempting 
to first test the efficacy of sialidase inhibitors/
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inhibitor cocktails found effective in vitro in con-
ferring protection to pathogen-induced periodon-
tal bone loss in a mouse model, including in 
polymicrobial situations. The inhibitors might 
include both those that block the NanH sialidase’s 
enzymatic activity (Tamiflu) and inhibitors that 
block NanH’s lectin function (S-Lewis oligosac-
charides or glycan mimics). The use of sialidase 
inhibitors for the treatment of periodontitis is not 
without risks due to potential off-target effects of 
these inhibitors on endogenous host sialidases 
(neuraminidases) playing important roles in the 
physiology of the host [36–38]. However, in prin-
ciple one can design specific inhibitors that target 
the bacterial sialidases while not compromising 
functionality of the host sialidases [39]. We envis-
age a situation where topical administration of 
glycosidase inhibitory compounds could be 
deployed as gels applied as part of nonsurgical 
root debridement or within mouthwashes.

12.4  Summary

In this review we provided accumulating evi-
dence demonstrating that sialic acid foraging by 
oral pathogens is not only key to their survival in 
the oral cavity but is also responsible for immune 
dysfunction and dysbiosis observed in periodon-
titis. We envisage that sialidase neutralization 
with pharmacological drugs, such as those cur-
rently employed for influenza, and also plant 
derived sialidase inhibitors in development may 
be an attractive adjunct therapy in controlling 
periodontitis.
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13.1  Introduction

Dysbiosis consists of an imbalance in the species 
that form a microbiome community with depletion 
of beneficial species and outgrowth of pathogenic 

ones. Dysbiosis is a feature of periodontitis [1, 2]. 
Current periodontal therapies are not efficient at 
restoring a health-like community, and therefore 
there is a need to better delineate the factors that 
control the stability of subgingival communities 
associated with health and those events that pro-
mote dysbiosis. In particular, ecological factors, 
which refer to the relationships of microorganisms 
with one another and their interactions with the 
environment, are considered drivers of dysbiosis 
and could represent modifiable targets to develop 
ecology-based therapeutics. Ecological therapies 
to control dysbiosis are already in effect for other 
mucosal-associated diseases, with the best exam-
ples seen in the lower gastrointestinal tract [3, 4]. 
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This chapter will discuss the importance of under-
standing events leading to subgingival dysbiosis 
and the stage of development of different ecology-
based preventive or therapeutic strategies for 
periodontitis.

13.2  Subgingival Microbiome 
Dysbiosis Is Associated 
with Progression 
of Periodontitis

The inflammation and tissue destruction associ-
ated with periodontal disease occur as a response 
to a perturbed (dysbiotic) subgingival microbi-
ome. Although it is clear that genetic and environ-
mental determinants shape the host inflammatory 
response to bacteria present in the gingival sulcus 
[5, 6], a dysbiotic microbiome community able to 
trigger pathology seems to be required for the 
development of periodontitis [7–9]. A recent 
human clinical longitudinal study characterized 
the subgingival microbiome in active sites that 
showed disease progression (attachment loss) in 
comparison with stable sites [9]. This study 
showed differences in the composition and func-
tional activities of the subgingival microbiome in 
active sites prior to attachment loss. Sites that went 
on to progress were enriched for Gram-negative 
anaerobic and proteolytic species from the genera 
Prevotella, Porphyromonas, Tannerella, and 
Treponema, while stable sites had higher propor-
tions of aerobic and facultative species from the 
genera Neisseria and Streptococcus, among oth-
ers. Moreover, a characterization of the genes 
expressed by the whole community showed higher 
metabolic activity and expression of virulence fac-
tors in the sites that went on to progress. 
Longitudinal clinical studies in patients presenting 
localized rapidly progressing forms of periodonti-
tis have also shown that the presence of a specific 
virulent strain of Aggregatibacter actinomycetem-
comitans is associated with future risk of attach-
ment loss [10]. A more recent study showed that 
the presence of single bacterial species was not as 
useful to predict future risk of bone loss as the 
presence of a consortium formed by A. actinomy-
cetemcomitans, Streptococcus parasanguinis, and 
Filifactor alocis [8]. Altogether, findings from 
these longitudinal clinical studies suggest that a 

microbial community with pathogenic properties 
precedes disease progression. Importantly, pro-
gression could not be solely attributed to the pres-
ence of a single microbial species but seems 
associated with the properties of the subgingival 
community as a whole.

Experimental animal models have also been 
useful to discern the specificity of the microbial 
stimuli associated with periodontitis. In a mouse 
model of ligature-induced periodontitis, Dutzan 
et  al. [7] showed that the sole increase in total 
bacterial burden close to the gingiva is insuffi-
cient to drive disease-associated Th17 immune 
responses and bone loss. Increased load in com-
bination with disruptions in the community 
structure consisting of enrichment of Gram-
negative species was required for a disease phe-
notype. In another model, oral inoculation of 
mice with the human periodontitis-associated 
microorganism Porphyromonas gingivalis 
results in bone loss, despite low levels of patho-
gen colonization [11]. In this model, the potent 
proteases of P. gingivalis contribute to dysregu-
lation of host-protective mechanisms including 
the complement cascade and neutrophil phago-
cytosis, with these changes leading to an envi-
ronment that allows quantitative and qualitative 
disruptions in the whole microbial community, 
which is ultimately responsible for induction of 
bone loss [11, 12].

The data discussed above suggests that com-
munities with specific virulence attributes pre-
cede the occurrence of periodontitis. Since the 
microbial communities associated with disease 
are formed by indigenous species (native to the 
mouth), the question that emerges is what factors 
serve as triggers for dysbiosis at specific gingival 
sites. The section below reviews the ecological 
triggers hypothesized to initiate and maintain sub-
gingival microbiome dysbiosis. These events are 
reviewed with a focus on the community behavior 
and its interaction with the environment.

13.3  Ecological Drivers 
of Subgingival Dysbiosis

An important characteristic of subgingival com-
munities is their polymicrobial nature. The sub-
gingival crevice harbors around 500 different 
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bacterial species with each site inhabited by a 
complex community [1, 13]. Microorganisms in 
these communities form metabolic webs in which 
products are exchanged with species complement-
ing the metabolic needs of each other. It is there-
fore likely that specific interspecies metabolic 
exchanges are required for the occurrence of the 
microbiome shifts associated with periodontitis. 
Microorganisms hypothesized to be key “meta-
bolic anchors” of subgingival communities include 
core species such as Fusobacterium nucleatum, 
which is an ubiquitous species found in health 
and an important component of communities in 
periodontitis [1]. F. nucleatum has been shown to 
coaggregate with a range of other species [14]. In 
biofilm and continuous culture planktonic models, 
F. nucleatum forms net-like structures in which 
other bacteria are retained, and therefore it is likely 
that F. nucleatum is an important structural compo-
nent of plaque [15, 16]. In continuous culture che-
mostat models, F. nucleatum has been shown to be 
important for the survival of other anaerobes under 
aerated conditions [16, 17]. F. nucleatum has the 
ability to adapt to oxygenated conditions reducing 
the environment through the activity of an NADH 
oxidase, which allows growth of other anaerobes 
more sensitive to oxygen, such as P. gingivalis [16, 
18]. F. nucleatum also supports the growth of P. 
gingivalis by supplying it with carbon dioxide [16].

Another ubiquitous subgingival plaque spe-
cies, Veillonella parvula, has been shown to pro-
mote the biofilm growth of late colonizing 
pathogens such as Aggregatibacter actinomy-
cetemcomitans and P. gingivalis when part of 
polymicrobial communities containing strepto-
cocci [19]. In vitro work has shown that V. par-
vula is less sensitive to oxygen than F. nucleatum, 
and via its catalase activity, it can reduce the 
environment and facilitate F. nucleatum’s growth 
[20]. Veillonella is particularly important when 
hydrogen peroxide-producing streptococci are 
part of the community as it can detoxify this 
product allowing the growth of F. nucleatum. 
Veillonella can also support the in vitro growth of 
P. gingivalis partly by producing hemin, a pre-
ferred iron source of the latter [21].

In another example of metabolic cooperation 
that leads to the establishment of a pathogenic 
species, the early colonizer Streptococcus gordo-
nii has been shown to facilitate the in vitro bio-

film growth and in  vivo fitness and survival of 
Porphyromonas gingivalis, by providing it with 
4-aminobenzoate/para-amino benzoic acid 
(pABA) [22]. Moreover, in agreement with the 
cooccurrence of streptococci and A. actinomy-
cetemcomitans in clinical samples [8], in  vitro 
and animal studies have shown a synergy between 
S. gordonii and A. actinomycetemcomitans [23, 
24]. S. gordonii promotes the virulence of A. acti-
nomycetemcomitans by providing it with the 
metabolite l-lactate, a preferred carbon source 
for A. actinomycetemcomitans [23]. A. actinomy-
cetemcomitans is capable of aerobic respiration 
and benefits from the hydrogen peroxide pro-
duced by Streptococcus gordonii [24]. Like 
Veillonella, A. actinomycetemcomitans is also 
catalase positive. Detoxification of hydrogen per-
oxide by catalases produces water and oxygen, 
which A. actinomycetemcomitans uses as an elec-
tron acceptor in its respiratory metabolism [24]. 
It seems therefore that the establishment of 
reduced microniches that can promote the growth 
of species with lower oxygen tolerance and the 
exchange of metabolic by-products, including 
respiratory electron acceptors and carbon sources, 
are important drivers of microbiome shifts. 
Figure 13.1 summarizes these webs of metabolic 
interactions. It should be noted, however, that the 
webs of metabolic exchanges among subgingival 
species are likely to be complex and redundant. 
There is a lack of studies evaluating the role of 
specific microbiome components during dysbi-
otic shifts in complex in vivo-like communities.

Higher flow of gingival crevicular fluid 
(GCF) due to inflammation is also thought to 
drive subgingival dysbiosis. Clinical longitudi-
nal studies show levels of gingival inflammation 
are associated with subsequent attachment loss 
[25]. GCF is thought to promote dysbiosis due 
to its high content of complex glycoproteins 
which favor the growth of species that rely on 
protein catabolism. In vitro investigations have 
shown that the presence of serum proteins in the 
culture medium promotes the enrichment of 
proteinase- rich Gram-negative pathobionts [26–
28]. A recent study demonstrates that species 
typical of periodontal pockets can be enriched 
from oral samples using a growth medium that 
simulates the nutritional aspects of the inflamed 
subgingival environment [29]. Some of the 
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enriched periodontitis- associated species were 
not detectable in the initial inoculum but grew to 
form an important proportion of the total com-
munity biomass after a 3-week enrichment 
period in a protein- rich medium. Increased 
inflammation is also associated with bleeding, 
which in turn promotes the growth of several 
Gram-negative black pigmented anaerobes that 
use hemoglobin- derived heme as their preferred 
iron source [30, 31]. In vitro studies also sug-
gest that the peroxidase activity present in 
inflammatory exudates and in blood can pro-
mote growth of hydrogen peroxide-sensitive 
pathobionts in a polymicrobial community con-

taining streptococci, by neutralizing the antimi-
crobial effect of hydrogen peroxide produced by 
these species [32].

Potassium has also recently been identified as 
a signal that promotes the pathogenicity of the 
subgingival microbiome. In a study that analyzed 
the genes expressed by subgingival communities, 
it was shown that communities at healthy or peri-
odontally stable sites express higher number of 
genes involved in transport of potassium com-
pared to communities of diseased sites [9, 33]. 
This finding is in agreement with previous inves-
tigations that suggest potassium is scarce in 
health and becomes elevated as dysbiosis and tis-

Fig. 13.1 Cartoon summarizing documented interspe-
cies interactions among subgingival community members 
that result in enhanced growth of periodontitis-associated 
species. Mitis-group streptococci such as Streptococcus 
gordonii supply l-lactate to Aggregatibacter actinomy-
cetemcomitans. S. gordonii also produces hydrogen per-
oxide (H2O2), which catalase-positive species, such as A. 
actinomycetemcomitans or Veillonella parvula, metabo-
lize. The resultant oxygen enhances growth of A. actino-
mycetemcomitans. However, oxygen and H2O2 can limit 
the growth of anaerobes such as Fusobacterium nuclea-
tum and Porphyromonas gingivalis. Veillonella-derived 

catalase allows growth of F. nucleatum in the presence of 
streptococci by metabolizing H2O2. F. nucleatum does not 
have peroxidase activity but can contribute to further 
reduce the environment via its NADH oxidase activity 
detoxifying oxygen and enhancing the growth of P. gingi-
valis. F. nucleatum supplies CO2 to P. gingivalis. 
Veillonella produces heme, which is the preferred iron 
source of P. gingivalis. S. gordonii provides 
4- aminobenzoate/para-amino benzoic acid (pABA), 
which P. gingivalis uses for folate biosynthesis. Cartoon is 
based on the work of Diaz et al. [16, 18], Zhou et al. [20, 
21], Stacy et al. [23, 24], and Kuboniwa et al. [22]
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sue destruction progress [34]. Potassium, which 
is released from the inside of host cells as tissue 
destruction occurs, has been shown to increase 
the virulence potential of an oral bacterial com-

munity triggering upregulation of genes related 
to iron transport and motility and increasing the 
community hemolytic activity [35]. Figure 13.2 
shows a graphical representation of the nutri-

Fig. 13.2 Inflammation-associated changes in the sub-
gingival environment suggested to act as drivers of micro-
biome dysbiosis. Health is characterized by low 
inflammation with minimal gingival crevicular fluid flow 
and the presence of potentially beneficial species such as 
hydrogen peroxide-producing streptococci. In panel (a), 
an increase in gingival crevicular fluid results in higher 
availability of complex glycoproteins, which select for 
taxa rich in proteases. Peptides released by these taxa aid 
in the growth of the whole community. In panel (b), 
inflammation and bleeding increase the availability of 
heme, which allows growth of black-pigmented 

periodontitis- associated anaerobes. In panel (c), tissue 
damage induces release of potassium which increases the 
virulence of the whole community. In panel (d), peroxi-
dase activity present in inflammatory exudates and in 
blood neutralizes hydrogen peroxide produced by strepto-
cocci, thereby promoting the growth of hydrogen 
peroxide- sensitive pathobionts. In panel (e), keystone taxa 
dysregulate host-protective mechanisms such as neutro-
phil phagocytosis allowing the growth of the whole com-
munity and dysbiosis to occur. Cartoon based on several 
studies referenced in the text
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tional and environmental cues that result from 
inflammation and their effect on subgingival 
microbiome shifts.

The species important for the formation of 
dysbiotic communities are not only those capa-
ble of establishing key partnerships that support 
the metabolic function of pathobionts. Other 
species may play a crucial role for the survival 
of the whole community and the emergence of 
dysbiosis by disabling an effective host 
response (Fig. 13.2e). One example is P. gingi-
valis, which in an oral inoculation mouse 
model, dysregulates host responses in such a 
manner that the growth of the whole commu-
nity is enhanced and qualitatively altered [11]. 
P. gingivalis interferes with effective bacterial 
clearance by blocking phagocytosis in neutro-
phils, which are essential sentinels controlling 
the growth of subgingival communities. By dis-
abling effective neutrophil surveillance, P. gin-
givalis promotes microbiome dysbiosis and 
inflammation and leads to bone loss [12].

13.4  Can Ecology Be Used 
to Prevent or Reverse 
Dysbiosis?

Considering microbiome shifts associated with 
periodontitis result from interspecies interactions 
and environmental influences on the community, 
it seems logical to investigate if manipulating the 
community ecology could be of benefit to pre-
vent or reverse dysbiosis. Several therapeutic 
strategies are currently under investigation to pre-
vent or resolve inflammation in the adjacent gin-
giva [36–38]. Strategies to manipulate the host 
response could also result in a reversal of the 
microbiome dysbiotic shifts. Indeed, a study in a 
rat model of ligature-induced periodontitis found 
that topical application in diseased sites of a pro-
moter of inflammation resolution, Resolvin E1, 
not only had a positive effect reversing tissue 
destruction and inflammation but also partially 
resolved microbiome dysbiosis [37]. Below we 
will discuss ecological strategies aimed at pre-
venting or reversing subgingival dysbiosis by 
manipulating the community composition rather 

than inflammation (promising strategies are sum-
marized in Table  13.1). These approaches need 
further development and would be complimen-
tary to anti-inflammatory therapies.

13.5  Probiotics and Prebiotics

The World Health Organization and the Food 
and Agriculture Organization of the USA define 
probiotics as “live microorganisms which, when 
administered in adequate amounts, confer a 

Table 13.1 Ecological approaches to periodontal ther-
apy and stage of development

Therapy Description Stage of development
Probiotics Administration of 

probiotic species 
as adjuncts to 
periodontal 
therapy

Randomized 
controlled trials show 
small but positive 
effects of 
Lactobacillus spp. 
probiotics as adjuncts 
to scaling and root 
planing on selected 
clinical and 
microbiological 
parameters [42–44]

Prebiotics Administration of 
selected 
substrates to 
enhance growth 
of health- 
associated species 
and suppress 
pathogens

In vitro studies have 
identified candidate 
substrates with 
beneficial effects [46, 
47]

Oral 
inoculation 
with 
beneficial 
oral species

Administration of 
indigenous 
health-associated 
species as 
adjuncts to 
periodontal 
therapy

In vivo study in a 
beagle dog model of 
periodontitis shows 
that administration of 
a mixture of 
streptococci after 
scaling and root 
planing has positive 
clinical and 
microbiological 
effects [53]

Targeted 
killing of 
pathogens

Species-specific 
antimicrobials 
targeted against 
periodontal 
pathogens

A prototype fusion 
antibiotic with 
specific binding to a 
P. gingivalis- 
expressed protein 
shows greater in vitro 
killing efficiency 
than the antibiotic 
alone [55]
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health benefit on the host.” Probiotics have been 
extensively utilized to diminish symptoms of 
gastrointestinal diseases such as infectious 
childhood diarrhea, antibiotic-associated diar-
rhea, pouchitis, and ulcerative colitis, with spe-
cific strains of Lactobacillus and Bifidobacterium 
spp. recommended in these situations [39–41]. 
Probiotics are thought to exert their beneficial 
effects through enhancement of the mucosal 
barrier, modulation of the immune response, 
and displacing or antagonizing pathogenic spe-
cies. Lactobacillus spp. probiotics have been 
tested as adjuncts to scaling and root planing in 
the treatment of periodontitis [42–44]. These 
studies report that the probiotic group showed 
greater improvements in selected clinical 
parameters and microbiological outcomes in 
comparison to the placebo group. The effects of 
these trials, however, are small and these proto-
cols have not been widely adopted in clinical 
practice.

An alternative approach to community manip-
ulation is prebiotics, which are defined as “non- 
digestible (by the host) food ingredients that have 
a beneficial effect through their selective metabo-
lism in the intestinal tract” [45]. Prebiotics with 
beneficial gastrointestinal effects include dietary 
carbohydrates such as fructo-oligosaccharides, 
galacto-oligosaccharides, and lactulose [45]. 
This concept has been applied to oral microbial 
communities with a recent study performing a 
high-throughput screening of 742 nutritional 
compounds for their ability to stimulate the 
in vitro growth and biofilm formation of 16 oral 
species grown individually or in dual species 
competition assays [46]. The compounds beta-
methyl-d-galactoside and N-acetyl-d- 
mannosamine were identified as the ones with 
the greatest potential. In a follow-up study, three 
substrates, N-acetyl-d-mannosamine, succinic 
acid, and the dipeptide Met-Pro, were seen to 
increase the proportions of beneficial species and 
lower the percentages of pathogens after their 
application to a 14-species biofilm [47]. Further 
testing of these compounds under in vivo condi-
tions and in the presence of communities of 
higher diversity is needed to confirm their poten-
tial clinical applicability.

13.6  Is Whole-Microbiome 
Transplantation a Feasible 
Approach to Revert 
Subgingival Dysbiosis?

Whole-microbiome transplantation to restore 
mucosal health is a strategy successfully applied 
in the lower gastrointestinal tract. Administration 
of stool from a healthy donor is able to resolve 
symptoms of Clostridium difficile-associated 
diarrhea in a more efficient manner than vanco-
mycin treatment, the standard of care [3, 4]. Fecal 
transplantation has been shown to restore gut 
bacterial diversity and induce shifts in the 
 microbiome community structure toward that of 
the healthy donor [48]. Stool donor type (related 
or unrelated) and degree of engraftment have not 
been shown to be determinant for successful 
treatment of C. difficile infection by fecal trans-
plants [49]. However, if subjects have concurrent 
inflammatory bowel disease (IBD), the success 
of fecal transplantation is compromised as shown 
by higher proportions of the original community 
and increased frequency of episodes of C. diffi-
cile infection on long-term follow-up in compari-
son with subjects unaffected by IBD [49]. This is 
an important finding that underlies the role of 
inflammation as a modifier of the mucosal 
microbiome.

Whole-microbiome transplantation has not 
been tested as a treatment strategy in periodonti-
tis. Before this approach is considered, several 
questions need to be resolved. First, there is a 
possibility that transplantation of a microbiome 
community from a periodontally healthy donor 
would result in dysbiosis once grafted in the dis-
eased recipient, which has a genetic background 
and environmental stimulants that promote 
inflammation. It is also not clear if all communi-
ties from healthy individuals have the potential to 
become dysbiotic or if certain individuals carry 
health-associated communities of greater resil-
ience. Another issue to address is feasibility. An 
exploratory research study recently evaluated an 
antimicrobial approach to decrease oral bacterial 
load in preparation for future whole-microbiome 
transplantation [50]. Decreasing the load of bac-
teria in the recipient mouth would indeed be 
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desirable to promote better engraftment of the 
donor microbiome. Other issues to resolve 
regarding feasibility include donor selection, 
method of collection to ensure sufficient donor 
material, method of delivery, and biosafety 
concerns.

13.7  Targeted Microbiome 
Manipulations

The identification of specific strains within the 
indigenous human microbiome able to promote 
health and restore the composition of a healthy 
community either by modulating the host 
response or by antagonizing pathogens is another 
strategy recently investigated in experimental 
animal models. In a murine model, the adminis-
tration of a cocktail of human intestinal clostridia 
is able to decrease signs of colitis and allergic 
diarrhea by induction of anti-inflammatory 
responses [51]. Discovery of oral species with a 
similar immunomodulatory potential could rep-
resent a potential avenue in the treatment of sub-
gingival dysbiosis.

It is clear that currently available treatment 
modalities for periodontitis neither fully restore a 
health-like community nor promote the growth of 
beneficial species [52]. To address this issue, 
investigators have evaluated the effect of admin-
istration of health- associated species as adjuncts 
to scaling and root planing using a beagle dog 
model of periodontitis [53]. Although significant 
reductions in pocket depth, bleeding on probing, 
and clinical attachment levels were observed 
with scaling and root planing alone, there were 
greater improvements when a mixture of strepto-
cocci (Streptococcus sanguinis, Streptococcus 
salivarius, and Streptococcus mitis) were topi-
cally applied after scaling and root planing. The 
group that received the streptococci also showed 
more dramatic reductions in anaerobic and black-
pigmented species including Porphyromonas 
gulae (a canine form of P. gingivalis), P. interme-
dia, and Campylobacter rectus and a lesser ten-
dency for reemergence of these pathogens after 
12 weeks [53]. This proof of concept study could 
serve as the basis for future work to investigate 

whether inoculation with beneficial species could 
oppose the reemergence of dysbiosis after 
treatment.

Targeted antimicrobial approaches to selec-
tively kill pathogens or keystones within com-
plex communities are also emerging. In the caries 
field, an antimicrobial peptide designed to selec-
tively kill the cariogenic pathogen Streptococcus 
mutans within a human saliva-derived in  vitro 
oral multispecies community has been developed 
[54]. Interestingly, S. mutans elimination pro-
voked a shift in the overall community composi-
tion toward one compatible with health [54]. 
Targeted approaches against pathogens associ-
ated with periodontitis are also under develop-
ment. For instance, recent work described that P. 
gingivalis relies on a hemophore-like protein 
(HusA) to bind extracellular heme, its preferred 
iron source, under conditions of low iron avail-
ability such as when P. gingivalis invades epithe-
lial cells [55, 56]. HusA homologues are limited 
to the phylum Bacteroidetes, and highly homolo-
gous sequences are only present in the genus 
Porphyromonas [55]. Apart from binding hemin, 
HusA is able to bind to deuteroporphyrin IX 
(DPIX), with significantly higher affinity than to 
heme. The taxonomic specificity of HusA and its 
binding properties has been exploited to design a 
deuteroporphyrin-lysine-metronidazole antibi-
otic, which effectively binds HusA and kills P. 
gingivalis with greater effectiveness than metro-
nidazole alone. The antibiotic was particularly 
effective under iron-limited conditions in which 
HusA is upregulated [55]. Further experiments to 
test the antibiotic in mixed biofilms are required 
to assess its specificity. This work, however, rep-
resents an example of how a better understanding 
of the molecular physiology of oral pathogens 
can lead to the design of targeted strategies to 
promote their eradication.

13.8  Conclusions

Our current understanding of the etiology of peri-
odontitis points to dysbiosis of the subgingival 
microbiome as a triggering factor and also a con-
sequence of the disease process. Factors that con-
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tribute to the emergence and perpetuation of 
dysbiosis include interspecies interactions, 
changes in the environment due to inflammation, 
and dysregulation of the host response by key-
stone pathogens. Apart from several emerging 
strategies to control inflammation, which could 
also result in restoration of a health-like microbi-
ome community, other approaches to prevent dys-
biosis or restore a community compatible with 
health are under investigation. These include pro-
biotics, prebiotics, use of indigenous beneficial 
species as adjuncts to periodontal treatment, and 
the design of antibiotics targeted to pathogens. 
With the exception of probiotics, these strategies 
have only been tested in vitro or in animal models. 
Further research is required to develop approaches 
to manipulate subgingival communities and 
restore a health-like community, which is an out-
come current therapies do not achieve.
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An important therapeutic endpoint of periodontal 
therapy is the complete structural and functional 
reconstruction of the affected periodontal appara-
tus. Histologically, this includes the formation of 
new periodontal ligament (PDL), cementum, and 
alveolar bone [1]. Clinically, it is indicated by 
pocket reduction and radiographic bone fill of the 
defect with the presence of PDL space [1]. 
Conventional nonsurgical (scaling and root plan-

ing) and surgical (open flap debridement (OFD) 
and osseous surgery) periodontal therapies have 
established the effectiveness of arresting the dis-
ease progression and resuming the periodontal 
ecosystem to some extent [2–7]. However, such 
therapies often heal by tissue repair (so-called 
scaring), which is characterized by connective 
tissue attachment and the formation of long junc-
tional epithelium on the root surface without the 
regeneration of the cementum-PDL-bone com-
plex [8–12].

14.1  The Biology of Periodontal 
Wound Healing

Similar to wound healing in other tissues in the 
body, periodontal tissue healing includes four 
major phases: hemostasis (formation of blood 
clot), inflammation, proliferation and new tissue 
formation, and remodeling [13–17]. Injuries to the 
blood vessels during periodontal procedures cause 
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blood extravasation. Within minutes, a fibrin-rich 
clot attached to the root surface is developed by 
blood coagulation [18, 19]. The clot consists of red 
blood cells and platelets in a network of cross-
linked fibrin fibers along with plasma fibronectin, 
vitronectin, and thrombospondin [14–17]. It has 
been shown that the linkage of fibrin fibers to the 
root surface and their stability are key factors for 
new connective tissue attachment as the fibrin net-
work serves as a provisional matrix for cell migra-
tion [20]. Another important function of the blood 
clot is that it is a reservoir of growth factors and 
cytokines. Degranulated platelets release a series 
of growth factors including platelet-derived 
growth factor (PDGF), transforming growth 
factor-β1 (TGF-β 1), vascular endothelial growth 
factor (VEGF), interleukin-1β (IL-1β), etc., 
which provide the start signals for a cascade of 
cellular events associated with wound healing 
[21]. Within hours, a large number of inflamma-
tory cells, predominantly neutrophils and mono-
cytes, migrate to the wound edge and root surface 
[16, 18, 19]. Neutrophils clean the wound by 
removing foreign particles, necrotic tissue debris, 
and bacteria. Cytokines released by these early 
inflammatory cells further amplify the healing 
signals and more inflammatory cells are recruited. 
Within 3 days, the wound healing is dominated 
by the late phase of inflammation as macrophages 
infiltrate and granulation tissue starts to form 
[16]. Macrophages continue to phagocytize bac-
teria and debris from cells and extracellular 
matrix. It is worth noting that tissue degradation 
enzymes and toxic products are often released 
when inflammatory cells clean the wound site. 
Therefore, prolonged inflammation, which may be 
caused by persistent bacterial infection, can lead to 
healthy tissue destruction. As the healing pro-
gresses, a subpopulation of macrophages and other 
cells produce cytokines that are critical for inflam-
mation resolution and tissue regeneration [22, 23]. 
Fibroblasts, mesenchymal stem cells, pericytes, 
etc. are recruited into the wound area. These cells 
proliferate and differentiate to different cell types 
in periodontium. Within a week, connective tissue 
attachments can be seen at the root surface. The 
newly formed bone is usually woven bone, which 
is less organized and mechanically weak [13–15]. 
Over time, the newly formed periodontal tissues 

will be remodeled to form stronger attachments 
with denser, well-organized collagen fibers and 
lamellar bone to meet the needs of occlusal loading 
[13–15]. This happens within weeks to months, 
and sometimes even years.

In 1976, Melcher presented the concept of 
“compartmentalization” and divided the peri-
odontal structures into four compartments: the 
lamina propria of the gingiva, the periodontal lig-
ament, the cementum, and the alveolar bone [24]. 
It is believed that to regenerate the cementum- 
PDL-bone complex, cells from those three com-
partments should occupy the periodontal defect, 
but not the cells from gingiva. Guided tissue 
regeneration (GTR) procedures have been devel-
oped based on this concept, and a barrier mem-
brane was used to exclude gingival tissues and 
prevent the epithelial downgrowth [25–27]. A 
large body of literature supports the effectiveness 
of GTR in regenerating periodontia [1, 28]; how-
ever, increasing evidence suggests that periodon-
tal regeneration can also occur without the 
exclusion of gingival epithelium and connective 
tissues. Some regeneration of bone- and the tooth-
supporting structures after conventional therapies 
has been documented in isolated reports [29–31]. 
With the emergence of protein and peptide prod-
ucts, a large amount of bone fill is often seen in 
patients that received protein-/peptide- based peri-
odontal therapies, which were often performed 
without a barrier membrane [32–38]. True peri-
odontal regeneration after such therapies has also 
been reported by human histological studies [39–
46]. Therefore, it is reasonable to think that during 
the healing process, cells from different origins 
(e.g., PDL, bone marrow, alveolar bone surface, 
cementum, gingiva) penetrate into the wound 
area. Many of these cells may have the potential 
to differentiate into different tissues. Appropriate 
signals from the microenvironment can drive the 
differentiation/transdifferentiation of local cells 
and induce the self-organization of these cells to 
form the cementum-PDL-bone complex with 
proper blood supply and innervation. Identification 
of the  signaling molecules that control the tissue 
proliferation and differentiation may promote the 
regenerative potential of periodontium.

Collectively, periodontal regeneration is a 
complex process with a cascade of cellular and 
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molecular events. In the past decades, research 
has been focused on the understanding of this 
process, and different techniques have been 
developed to promote the tissue regeneration 
through targeting at different steps/phases of the 
healing. Some of the various regenerative tech-
niques include GTR (epithelial exclusion), min-
imally invasive surgery (blood clot stabilization), 
protein/peptide therapy (enhancing cell migra-
tion, proliferation, and differentiation), cell 
therapy (increasing the number of stem cells in 
the microenvironment), and anabolic agents 
(improving the bone formation and remodel-
ing), to name a few. In this chapter, we will 
highlight some of the major developments in the 
protein-/peptide- based and cell-based periodon-
tal regenerative therapies.

14.2  Protein- and Peptide-Based 
Periodontal Regenerative 
Therapies

Over the last 20  years, significant advances have 
been made in using biological proteins and peptides 
to treat periodontal osseous defects [47, 48]. To date, 
three products are commercially available: enamel 
matrix derivative (EMD), recombinant human plate-
let-derived growth factor-BB (rhPDGF-BB), and 
P-15 peptide. Molecules in the R&D pipeline 
include recombinant human fibroblast growth fac-
tor-2 (rhFGF2), recombinant human growth and dif-
ferentiation factor-5 (GDF-5), bone morphogenetic 
proteins (BMPs), teriparatide, and sclerostin neu-
tralizing antibodies among others. A summary of 
these proteins and peptides is shown in Table 14.1.

Table 14.1 Summary of peptides/growth factors for periodontal regeneration

Growth factors/
peptides

Development 
stage Biologic function

Emdogain FDA approved Peptide mixture from immature enamel layer of 6-month-old piglets. 
Enhances cell adhesion and stimulates cell proliferation, angiogenesis, 
osteogenesis, cementogenesis, and ECM synthesis

P-15/ABM FDA approved A polypeptide consisting of 15 amino acids that mimics the cell-binding 
domains of type I collagen. Enhances cell adhesion. It was also approved by 
the FDA for orthopedic application

rhPDGF-BB FDA approved Major factor released from platelets during blood clotting. Strong 
chemotactic and mitogenic effects on inflammatory cells and mesenchymal 
cells. Enhances angiogenesis

rhFGF-2 Phase II/III 
clinical trial

A heparin-binding growth factor. Stimulates fibroblasts proliferation and 
ECM synthesis, increases chemotaxis, proliferation, and differentiation of 
endothelial cells

rhGDF-5 Phase II clinical A member of the bone morphogenetic protein family. Promotes cell 
proliferation, increases chemotaxis of osteoblast progenitor, and enhances 
osteoblast differentiation

rhBMP-2 Preclinical A potent growth factor for bone formation and the first growth factor 
approved by the FDA for bone regeneration. Associated with root resorption 
and ankylosis in periodontal regenerative model in large animals

OP-1 (BMP-7) Preclinical A limited FDA approval under a humanitarian device exemption for 
treatment of recalcitrant tibial nonunions. Increases mitogenesis and 
differentiation of osteoblasts. Enhances periodontal regeneration in a dog 
model without root ankylosis

rhBMP-6 Preclinical Enhanced formation of new bone, cementum, and functionally oriented 
PDLs was observed in murine

rhBMP-12 Preclinical Induces expression of tendon and ligament specific genes, stimulated 
periodontal regeneration; however, it has limited effect on osteogenesis

rhBDNF Preclinical A member of the neurotrophin family. Stimulates osteogenesis and 
angiogenesis

Teriparatide Clinical trial N-terminus 34 amino acids of PTH. Anabolic agent; stimulates bone 
formation. Improved periodontal healing after systemic teriparatide 
administration compared to OFD

Sclerostin Ab Preclinical Neutralizing antibody for Sclerostin—a negative regulator in Wnt signaling. 
Anabolic agent; promotes bone formation, increases bone mass, and 
enhanced the regeneration of periodontal tissues in murine models

14 Protein- and Cell-Based Therapies for Periodontal Regeneration



212

14.2.1  Enamel Matrix Derivative 
(EMD)

EMD is made of a mixed protein/peptide fraction 
derived from the immature enamel layer of 
6-month-old piglets and delivered in a propylene 
glycol alginate (PGA) carrier [49]. Early reports 
showed that enamel-derived proteins are deposited 
at the dentinocemental junction (DCJ) and the sur-
face of developing roots prior to cementum forma-
tion, suggesting that they may play an important 
role in the formation of periodontal tissues [50–
53]. This led to a series of studies to investigate the 
potential of EMD in treating periodontal defects 
[54–58]. The majority of EMD (>90%) is different 
versions of amelogenin protein derived from dif-
ferent splice variants and post-secretory regula-
tion. The function of EMD is known to influence 
the behavior of many cell types (i.e., cemento-
blasts, PDL cells, osteoblasts, MSCs, T cells) by 
mediating cell migration, attachment, spreading, 
proliferation, and differentiation [49, 59, 60]. 
Studies showed that EMD also inhibits osteoclast 
formation and stimulates angiogenesis. More than 
30 randomized controlled trials (RCTs) and sev-
eral meta-analyses and systematic reviews have 
been published reporting the clinical outcomes 

following application of EMD in the treatment of 
intrabony defects, including recent position papers 
published by the AAP Periodontal Regenerative 
Workshop [28, 47, 49]. Evidence supports the effi-
cacy of EMD as a single therapeutic agent in treat-
ing periodontal infrabony defects. The use of 
EMD resulted in a significant gain in clinical 
attachment level (CAL), reduction in periodontal 
probing depth, and improvement in radiographic 
bone level when compared to OFD, EDTA, or pla-
cebo. Human histological studies also indicate a 
true regeneration of the periodontal apparatus. 
However, the impact of EMD in combination ther-
apies is still not clear. Meta-analysis showed that 
there was no significant difference when compar-
ing the outcome of EMD only to EMD + barrier 
membrane or EMD + bone graft. Furthermore, no 
superior effect was seen in EMD treatment com-
pared to other treatment modalities, such as bone 
grafting and GTR. Recently, EMD has also been 
used to treat gingival recession [61]. In summary, 
clinical use of EMD alone or combined with bone 
graft materials is safe and can provide long-term 
clinical outcomes comparable to other regenera-
tive treatments (GTR and bone grafting). 
Figure 14.1 shows a clinical case using EMD to 
treat an infrabony defect.

a b

d e

f

c

Fig. 14.1 A clinical case treated by enamel matrix deriv-
ative (EMD). (a) Baseline probing. (b) Baseline radiogra-
phy. (c) Infrabony defect shown during the surgery. (d) 

The application of EMD. (e) Clinical view at 3 years later. 
(f) Radiographic view 3 years postoperation. (This case 
was contributed by Dr. Frederic Kauffmann)
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14.2.2  Platelet-Derived Growth 
Factor-BB (PDGF-BB)

PDGF-BB is one of the major factors released 
from platelets during blood clotting [62]. It is a 
potent mitogen for cells of mesenchymal origin, 
which exerts broad wound-healing activities 
through enhancing cell migration, proliferation, 
and angiogenesis [63]. Early studies in large 
animals suggested that PDGF-BB stimulated 
periodontal hard and soft tissue regeneration 
[64–66]. This was later confirmed by five RCTs 
[34, 37, 67–69]. In the first multicenter phase III 
RCT (60 patients/group), application of rhP-
DGF-BB with β-tricalcium phosphate (β-TCP) 
carrier resulted in significantly greater CAL 
gain, linear bone gain, and percent defect fill at 
3  months and 24  months compared to 
OFD + vehicle control [37]. Using a composite 
analysis, higher rates of clinical and radio-
graphic success, defined as the percentage of 
cases with CAL  ≥  2.7  mm and linear bone 
growth ≥1.1  mm, continued to be seen over 
36 months. Interestingly, the low-dose rhPDGF-
 BB (0.3 mg/mL) demonstrated a stronger effect 
than high dose (1 mg/mL) [70]. In a report of a 
subset of the study population who had good 
compliance, the periodontal tissues were stable 
with proper physiological function even after 
5 years [71]. The second multicenter RCT (27 
patients/group) confirmed the significant 

improvements in CAL gain, linear bone growth, 
and probing depth after rhPDGF-BB treatment 
[34]. Results from three more recent RCTs with 
relative smaller patient numbers were also in 
line with the aforementioned findings [67–69]. 
Meta- analysis of these five RCTs demonstrated 
statistically significant improvement in all the 
primary outcomes (bone fill and linear bone 
gain) and secondary measures (CAL gain and 
probing depth reduction) when comparing the 
0.3  mg/mL rhPDGF-BB treatment to control 
[72]. Histologically, periodontal bony defects 
treated with rhPDGF-BB with bone allograft 
showed formation of new bone, cementum, and 
functionally oriented PDL fibers, which indi-
cated a true periodontal regeneration [39, 41, 
43]. In contrast, β-TCP treatment alone healed 
only by fibrous connective tissue repair and a 
long-junctional epithelial attachment. So far, 
there are no studies to compare the outcome of 
rhPDGF-BB to other regenerative treatments. 
Taken together, rhPDGF- BB demonstrates an 
adequate safety profile in treating periodontal 
defects and a comparable regenerative impact 
compared to other techniques currently being 
used. It is worth mentioning that, compared to 
EMD, there is a consistency of the concentration 
of recombinant protein applied to each patient, 
which may produce more consistent clinical 
results. Figure 14.2 shows a clinical case using 
rhPDGF-BB to treat an infrabony defect.

a b

Fig. 14.2 A patient with a severe localized bony defect 
was treated by rhPDGF-BB. The baseline defect (a), the 
1-year reentry (b), the baseline radiograph (c), the 3-year 
postoperative radiograph (d), and the 10-year postopera-

tive radiograph (e) and clinical photograph (f), demon-
strating periodontal repair and stability of the result. 
(Reprint with permission [70])
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14.2.3  Fibroblast Growth Factor-2 
(FGF-2)

FGF-2 is a heparin-binding growth factor that acts 
in a variety of developmental and healing pro-
cesses [73]. It exerts proliferative and antiapop-
totic effects on cells, including osteoblasts, and is 
a potent stimulator of angiogenesis [21, 73]. Local 
application of rhFGF-2 improved the bone union 
in tibial fracture in a randomized, placebo-con-
trolled trial [74]. Regarding periodontal regenera-
tion, five RCTs have been conducted (four in 
Japan and one in the USA) [32, 35, 36, 75]. Early 
trials in Japanese patients with a large patient 
number showed that high doses (0.3 and 0.4% in 
3% hydroxypropylcellulose carrier) of rhFGF-2 
resulted in a significantly greater percentage of 
bone fill (BF%) than OFD  +  vehicle alone at 
36 weeks after administration [35, 36, 75]. In a 
recent multicenter RCT performed in the USA, a 
similar trend was observed although the differ-
ence was not statistically significant, which may 
be related to a smaller patient number (n = 21–23/
group) in this study [32]. Meta- analysis based on 
the data from available RCTs found that a statisti-
cally significant difference was seen at the BF% 
in the 0.3% rhFGF-2 group compared to control 
group (~22.37% higher in rhFGF-2 group, 
p  <  0.00001), as well as the linear bone gain. 
However, no significant difference was observed 
in CAL gain [72]. Interestingly, the study B of 
the phase III trials by the Japanese group was 
designed to compare rhFGF-2 and EMD [75]. 
The primary endpoint, which was linear alveolar 

bone gain at 36 weeks, was 1.927 mm (95% CI, 
1.6615–2.1920; n = 108) in the rhFGF-2 group 
and 1.359 mm (95% CI, 1.0683–1.6495; n = 109) 
in the EMD group. The superior effect of rhFGF-2 
was statistically significant. Therefore, rhFGF-2 
can be another protein-based regenerative ther-
apy for periodontal defects, which is safe and 
capable of producing comparable clinical out-
comes. Figure  14.3 shows a clinical case using 
rhFGF-2 to treat a furcation defect.

14.2.4  P-15

P-15 is a polypeptide consisting of 15 amino 
acids that mimics the cell-binding domains of 
type I collagen, which facilitates cell attachment 
and migration to root surfaces through the inter-
action with integrins [76]. P-15 mixed with 
bovine-derived hydroxylapatite (anorganic bone 
matrix or ABM) is commercially available. It was 
approved by the US Food and Drug Administration 
(FDA) in 2015 as a bone graft in anterior cervical 
discectomy and fusion (ACDF) procedures with 
a brand name of “i-Factor.” In the area of peri-
odontal regeneration, Yukna et  al. reported that 
the combination of ABM and P-15 resulted in a 
significantly better mean defect fill of 
2.9  ±  1.2  mm (72.9%) versus 2.2  ±  1.4  mm 
(50.67%) for ABM alone [38]. Others reported 
similar findings and the clinical results of ABM/
P-15 were stable for at least 3 years [77–81]. In 
an earlier clinical trial, ABM/P-15 demonstrated 
a superior effect than demineralized freeze-dried 

c d e f

Fig. 14.2 (continued)
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bone allograft (DFDBA) [82]. One human histo-
logic evaluation showed evidence of new cemen-
tum, PDL, and bone after ABM/P-15 treatment, 
suggesting periodontal regeneration [46]. The 
use of xenograft as a carrier raises the question as 
to whether the results could be due to the osteo- 
conductive/osteo-inductive effects or the long 
degradation time of the matrix itself. However, it 
is worth of note that the ABM used as a P-15 car-
rier is derived from thermally treated bovine bone 
at a much higher temperature (>1000  °C) than 
that which is used in some other xenografts 
(300 °C) [83]. The higher processing temperature 
used in ABM is believed to destroy the normal 
bone structure, limit any osteo-inductive effect, 
and accelerate the graft material degradation, 
which makes it a reasonable carrier in the studies. 
In summary, ABM/P-15 is a promising agent in 
treating periodontal infrabony defects; however, 
additional studies with larger patient numbers are 
needed to further assess its clinical value.

14.2.5  Platelet-Rich Plasma/Platelet- 
Rich Fibrin (PRP/PRF)

PRP, PRF, and other related products have been 
tested for periodontal regeneration. Platelets are 
one of the major cell types in blood clots and 
serve as a natural reservoir for growth factors, 
which is very appealing for regenerative medi-
cine [84]. Depending on the processing tech-
nique, platelet concentrates can be divided into 
two major groups: platelet-rich plasma (PRP, 
with anticoagulants) and platelet-rich fibrin (PRF, 
without anticoagulants) [84, 85]. Techniques 
have also been developed to enrich more mono-
cytes/buffy coat cells into the concentrate, includ-
ing leukocyte- and platelet-rich plasma (L-PRP) 
and leukocyte- and platelet-rich fibrin (L-PRF) 
[84, 85]. Although PRP is considered an econom-
ical source for growth factors, inconclusive clini-
cal results were found in a meta-analysis. 
Roselló-Camps et al. reported that PRP treatment 

a b c

e f

d

Fig. 14.3 A clinical case treated by rhFGF-2. A 52-year- 
old female nonsmoker. Radiographic and clinical evi-
dence of new bone formation for tooth #3 suggesting 
periodontal regeneration after 9 months of local delivery 
of 0.3% rhFGF-2/cellulose into the furcation and vertical 
periodontal defect. The baseline radiograph shows verti-
cal bone loss on the mesial side and the furcation area 

(case courtesy of SM). (a) Through (d) standardized peri-
apical radiographs before surgery (a) and at the 3-month 
(b), 6-month (c), and 9-month (d) reevaluations. (e, f) The 
advanced furcation lesion observed at baseline (e) con-
trasted with the evidence of bone fill at clinical reentry (f). 
(Reprint with permission [48])
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favored the probing pocket depth reduction; how-
ever, the difference did not reach statistical signifi-
cance (P = 0.09) [86]. For attachment level (AL) 
changes, 12 articles were included. The weighted 
mean difference was 0.58  mm favoring the PRP, 
with a 95% CI = 0.24–0.91 mm (P = 0.0008). A 
significant change was also seen in bone level; how-
ever, this parameter was only reported by four stud-
ies (two measured BL in millimeters and two 
measured in percentage). In regard to PRF, a recent 
meta-analysis evaluated its effect on infrabony and 
furcation defects [87]. Significant probing depth 
reduction (1.1 vs. 0.5 mm, p < 0.001), CAL gain 
(1.2 vs. 0.6 mm, p < 0.001), and bone fill (1.7 vs. 
0.7 mm, p < 0.001) were found when comparing 
L-PRF to OFD. A similar effect was also seen in 
furcation defects. Studies have also been done to 
compare PRF to other grafting materials or biolog-
ics; however, the conclusion is still not clear [88–
91]. Taken together, at this moment, platelet-derived 
concentrates have not shown sufficient evidence to 
promote periodontal regeneration. It is worth men-
tioning, however, that standardization of the proto-
cols to generate these platelet concentrates are 
needed to assure an optimal effect. The components 
of PRP/PRF are highly dependent on the donor. 
More studies are also needed to further determine 
more comprehensively the key components of the 
concentrates.

14.2.6  Bone Morphogenetic Proteins 
(BMPs) and Others

Other growth factors have also been studied as 
local delivery agents to promote periodontal 
regeneration, but most of these studies are still in 
the preclinical (animal) level. Here, we highlight 
some of the promising candidates that have been 
tested in large animals or early clinical trials. 
GDF-5, a member of the bone morphogenetic 
protein family, plays important roles in joint 
development and promotes the healing of liga-
ment/tendon damage and pure bone defects [92–
97]. It has chemotactic, mitogenic, and osteogenic 
effects to cells derived from PDL and bone tis-
sues [98, 99]. Application of rhGDF-5 has been 
shown to stimulate the formation of new 
cementum- PDL-bone apparatus in dogs and non-

human primates [100–102]. In an FDA phase IIa 
RCT, rhGDF-5  in a β-TCP carrier resulted in 
greater probing depth reduction and CAL gain; 
however, the differences didn’t reach statistical 
significance, possibly due to the small patient 
number of the study (n = 10) [45]. Bone morpho-
genetic protein-2 (BMP-2) is profound growth 
factor for bone formation and is the first growth 
factor approved by the FDA for bone regenera-
tion. Over the years, studies in murine, dog, and 
monkey models have also demonstrated its 
impact on the regeneration of periodontal tissue 
[103–105]. However, root resorption and ankylo-
sis were frequently observed in teeth receiving 
BMP-2 treatment [106]. Bone morphogenetic 
protein-7 (BMP-7), also known as osteogenic 
protein-1 (OP-1), is a potent stimulator of bone 
formation. However, it seems that its function 
and mechanism may not be completely the same 
as BMP-2 [106]. Giannobile and others reported 
pronounced stimulation of osteogenesis, regen-
eration of cementum, and new attachment in 
dogs and nonhuman primates [106, 107]. 
Interestingly, no root ankylosis was found after 
BMP-7 treatment. Bone morphogenetic protein-6 
(BMP-6) is another morphogen that is associated 
with bone formation. Enhanced formation of new 
bone, cementum, and functionally oriented PDLs 
was observed after the application of rhBMP-6 in 
a murine model [108]. Similar to BMP-7, no 
ankylosis was found and root resorption was lim-
ited. Bone morphogenetic protein-12 (BMP-12), 
also known as GDF-7, is an interesting member 
of the BMP family. Application of BMP-12 
induces the differentiation of MSCs to tendon 
lineage, evident by the upregulation of tendon/
ligament specific genes such as scleraxis (SCX) 
and tenascin C (TN-C), and promotes tendon 
regeneration [109–112]. Wikesjo et al. compared 
the impacts of rhBMP-12 and rhBMP-2 in peri-
odontal regeneration in a dog model [113]. 
Functionally oriented PDL fibers bridging the 
gap between newly formed bone and cementum 
were found after receiving rhBMP-12, whereas 
this was a rare observation in the rhBMP-2 group. 
On the other hand, ankylosis was more frequently 
seen in the latter group. Brain-derived neuro-
trophic factor (BDNF), a member of the neuro-
trophin family, is important for the survival and 
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differentiation of central and peripheral neurons. 
In addition, it is also expressed in a variety of 
nonneural cells, including PDL cells and odonto-
blasts [114]. It has been shown that BDNF deliv-
ery was able to promote angiogenesis and 
stimulate formation of periodontal supporting 
structures (newly formed cementum, PDL, and 
alveolar bone) in large animal models [114, 115].

14.2.7  Anabolic Agents (Sclerostin 
Neutralizing Antibody 
and Teriparatide)

Sclerostin antibody and teriparatide have been 
representative approaches to increase bone for-
mation (“anabolic” therapy) in the treatment of 
osteoporosis [116–124] and received attention as 
promising protein drug candidates in alveolar 
bone regeneration. Given that both are related to 
the Wnt/β-catenin pathway, which has a critical 
role in the osteogenesis and pathogenesis of 
bone-related diseases, a lot of research interest 
has moved toward activation or inhibition of this 
pathway to modulate bone formation [125].

14.2.7.1  Sclerostin Antibody
The use of neutralizing antibodies against 
sclerostin can aid in stimulating bone formation 
[126]. The SOST gene encodes the osteocyte- 
secreted sclerostin glycoprotein, which belongs 
to a family of genes that antagonize BMP or Wnt 
activity, both critical for bone formation [127, 
128]. Wnt signaling is key for many pathways 
regulating cell growth, differentiation, function, 
and death [129]. Sclerostin has been shown to 
bind to LRP5/6 and inhibit Wnt signaling, impair-
ing osteoblast differentiation and function [130, 
131]. The sclerostin antibody binds and inhibits 
sclerostin, resulting in the dual effect of increased 
bone formation and decreased bone resorption 
[121]. Systemic application of Scl-Ab has been 
shown to significantly increase the osseointegra-
tion of implant in a rat model [132]. In addition, 
there were evident differences in the trabecular 
bone architecture in the femur of the tested ani-
mals compared to that of the control rats. 
Similarly, Scl-Ab was tested for bone regenera-
tion in experimental periodontitis and to promote 

dental implant osseointegration [133]. Systemic 
injection of Scl-Ab dramatically increased the 
alveolar bone mass and serum bone formation 
markers at both 2 and 4  weeks in rats. More 
importantly, 6  weeks of Scl-Ab significantly 
improved the maxillary bone healing and restored 
the alveolar bone mass following experimental 
periodontitis, which provided early preclinical 
evidence to support the therapeutic potential of 
Scl-Ab in periodontal disease treatment [134].

14.2.7.2  Teriparatide
Teriparatide is a biosynthetic recombinant protein 
of human parathyroid hormone (PTH) consisting 
of N-terminus 34 amino acids, which acts as an 
anabolic agent in bone formation [135]. In 2002, 
the FDA approved an indication for teriparatide 
injection (Forteo, Eli Lilly and Company, Inc.) for 
the treatment of osteoporosis, and occasionally it 
has been used off-label to promote bone healing. 
PTH is a primary regulator of calcium mainte-
nance in the bone and kidneys, and the PTH-
induced anabolism is also involved in Wnt 
signaling pathway [136]. When given by intermit-
tent injection, teriparatide binds directly to osteo-
blasts and exhibits anabolic effects, which include 
the increase of osteoblast number and activity and 
a decrease of osteoblast apoptosis [117]. However, 
continuous treatment could result in hypercalce-
mia and abnormal bone histology [137]. In the 
dental application, some preclinical studies 
showed an anabolic effect of teriparatide in alveo-
lar bone defects [138, 139]. In a RCT, 40 patients 
with severe chronic periodontitis who underwent 
periodontal surgery were randomly assigned to 
two treatment groups: daily injections of teripara-
tide (20  μg) or placebo for 6  weeks. Improved 
clinical outcomes (probing depth reduction and 
CAL gain), greater resolution of alveolar bone 
defects, and accelerated osseous wound healing in 
the oral cavity were observed after systemic terip-
aratide administration as compared to placebo, 
suggesting that teriparatide is a promising drug 
candidate to improve periodontal tissue regenera-
tion and oral reconstruction [140, 141]. Ongoing 
research is focused on developing a better drug 
delivery system to replace the current regimen, 
which requires daily subcutaneous injections in 
the thigh or abdomen.

14 Protein- and Cell-Based Therapies for Periodontal Regeneration



218

14.2.8  Challenges and Future 
Directions of Protein-Based 
Therapies

Over the last few decades, there has been consider-
able progress in periodontal tissue regeneration. 
With a better understanding of the development 
and healing of periodontal tissues, biomimetic 
products, as well as an array of growth factors, have 
been or are being developed to enhance the peri-
odontal regeneration. Increasing clinical data from 
RCTs and case series supports the application of 
such products, and more clinicians have adapted 
their clinical practice in treating periodontal defects 
to reflect the exciting advances in this field. It is 
worth noting that studies to compare different fac-
tors are still largely lacking. Clinicians usually 
choose these products based on their training and 
clinical experiences. A major concern for the 
growth factor/peptide-based therapy is the supra-
physiological doses that are needed. For example, 
the concentration of PDGF-BB in the commer-
cially available product is a few thousand times 
higher than that in our bodies. The clinical dose for 
BMP-2 to stimulate bone regeneration is a million- 
fold higher than the biological concentration [142]. 
Therefore, increasing side effects may be seen if a 
large dose of growth factor is used, which has been 
reported in the BMP-related products [142]. It 
would be important for clinicians to know the dif-
ferent mechanisms of these growth factors and 
their potential side effects, which may provide 
some guidance for them to choose different prod-
ucts in different clinical situations. Future develop-
ment of local delivery systems that can control the 
spatial and temporal release of growth factors 
would make it easier to apply such biologics and, 
more importantly, enhance the regenerative out-
comes and reduce the side effects.

14.3  Cell Therapy in Craniofacial 
and Periodontal 
Regeneration

Among the main factors of the tissue engineering 
triad (cells, scaffold, and signals), cells provide 
the viability needed to generate a stable, living tis-

sue. Cell therapy, defined as a treatment with cel-
lular materials, is considered an emerging therapy 
with high therapeutic potential [143]. Historically, 
primary cells from the patient (i.e., liver cells, 
bone cells from autogenous graft, etc.) were used 
to produce target tissues. However, invasive meth-
ods are usually needed to collect the cells and the 
sources of primary cells can be very limited, 
which limits the clinical application of such a 
strategy. To solve these problems, stem cells, 
including embryonic stem (ES) cells, postnatal 
stem cells, and adult stem cells, have received 
great attention because of their capacities to repli-
cate themselves (they can be grown to large num-
bers) and differentiate into other cell types 
(making it possible to replace any damaged cell 
and tissue) [144]. In addition, increasing evidence 
supports that stem cells, especially mesenchymal 
stem cells (MSCs), are a reservoir for a variety of 
growth factors, cytokines, and microvesicles, 
which could have profound effects on wound 
healing. In fact, it is believed that such paracrine 
or trophic effect, rather than direct differentiation, 
is the primary mechanism of the regenerative out-
comes associated with many stem cell therapies.

Except for hematopoietic stem cells, bone mar-
row mesenchymal stem cells (BM-MSCs) are the 
most studied stem cell population in cell therapy. 
Specifically, in stem cell-mediated bone regenera-
tion, they have historically been a popular cell 
source to use because they are derived from the 
bone and are easy to harvest. However, the number 
of BM-MSCs in peripheral blood and bone mar-
row is relatively small, and it is difficult to expand 
them to a number large enough for clinical effec-
tiveness. With the advancement of cell program-
ming technologies that enable generation of 
pluripotent stem cells (iPSCs) from somatic cells, 
the idea of using mature somatic cells is coming 
back to the field [145]. As an example, iPSCs 
derived from dental tissues can be readily repro-
grammed to periodontal cells because of their epi-
genetic status [146]. Additionally, a direct cell 
programming technology has been introduced to 
induce the trans- differentiation of somatic cells to 
a target cell type in order to overcome the limita-
tions of iPSC-based therapy, namely, that it is 
labor- intensive and time-consuming, there is epi-
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genetic memory from the donor cells, and there is 
the potential of tumorigenesis associated with the 
stemness of the cells [147–149]. Here, we review 
the development of stem cell-based therapy in the 
area of periodontal and craniofacial regeneration 
(Fig. 14.4) and discuss the challenges and future 
directions toward the translation of cell therapy to 
clinical practice.

14.3.1  Types of Cells Used 
in Periodontal Tissue 
Regeneration

14.3.1.1  Bone Marrow-Derived 
Mesenchymal Stem Cells 
(BM-MSCs)

First identified by Friedenstein, BM-MSCs 
have a multi-potency to differentiate to various 
specialized cells [150]. They directly partici-
pate in tissue regeneration through cell differ-
entiation but more importantly have an impact 
on wound healing through paracrine mecha-
nisms [151]. As such, BM-MSCs have been 

widely explored as a potent cell source in tissue 
engineering [152].

14.3.1.2  Dental Stem Cells
Dental pulp stem cells (DPSCs). Dental pulp con-
tains highly proliferative stem cells with a self-
renewal and multi-potential property, which can 
differentiate into osteoblasts, odontoblasts, adipo-
cytes, chondrocytes, or neural cells [153]. The fact 
that DPSCs have the ability to form a vasculature 
and differentiate into odontoblasts in response to 
tissue damage makes it a promising stem cell 
source in regenerative medicine, especially in den-
tal pulp regeneration [154]. Preclinical and early 
clinical evaluations of cell therapy using DPSCs 
are ongoing and show early promise [155–157].

Periodontal ligament stem cells (PDLSCs). 
The periodontal ligament (PDL) is a specialized 
connective tissue which establishes the attach-
ment between the tooth and alveolar bone [158]. 
A population of MSCs have been isolated from 
PDL tissues, named PDLSCs, which play a criti-
cal role in the development and healing of peri-
odontium [159]. PDLSCs can differentiate into 
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multiple cell lineages including osteoblasts, 
chondrocytes, neurons, etc. and have the poten-
tial to form new cementum, PDL, blood vessels, 
and alveolar bone when implanted in vivo, indi-
cating possible applications in bone- and tooth- 
associated tissue engineering [160–162].

Stem cells from human exfoliated deciduous 
tissue (SHED). Partially due to the young age of 
the donors, SHED are characterized as unique 
stem cells with a high proliferation rate and plas-
ticity for multi-potent differentiation [163]. Many 
studies have demonstrated the multi-potency of 
SHED and their potential for dental tissue regen-
eration [164, 165].

Dental follicle stem cells (DFSCs). The dental 
follicle (DF) is a loose connective tissue sac that is 
derived from the unerupted tooth and plays an 
important role in tooth development [166, 167]. 
During tooth development, Hertwig’s epithelial 
root sheath induces the differentiation of DFSCs 
into PDL fibroblast, osteoblasts, or cementoblasts 
[168, 169]. Because DFSCs can be easily har-
vested from extracted third molars, increased 
interest has been given to investigate the potential 
application of DFSCs in root/periodontal regener-
ation, and ex vivo model systems have been devel-
oped to further study these applications [170].

14.3.1.3  Induced Pluripotent Stem 
Cells (iPSCs)

iPSCs are pluripotent stem cells, which are gen-
erated from somatic cells by the ectopic expres-
sion of Yamanaka factors Oct4, Sox2, Klf4, and 
Myc [145]. iPSC-derived mesenchymal cells 
from dental tissue have been studied to compen-
sate for a disadvantage of iPSCs, such as de- 
differentiation. Many studies have demonstrated 
the regenerative potential of iPSCs from dental- 
derived tissues such as dental pulp, PDL or gingi-
val fibroblasts, apical papilla, and exfoliated 
deciduous teeth, to name a few [171].

14.3.1.4  Trans-differentiation
Trans-differentiation is a conversion from one 
mature somatic cell into another somatic cell via 
genetic or epigenetic modification without a plu-
ripotent state [172]. It is known that trans- 
differentiation can be induced experimentally 

and also occur naturally in response to tissue 
damage [149]. The possibilities of trans- 
differentiation from adipocytes or fibroblasts to 
osteoblasts were proven in in  vitro and in  vivo 
studies [147, 173, 174]. In this regard, stimulat-
ing mature somatic cells to trans-differentiate to a 
desired cell type for a treatment purpose could be 
the next generation of cell therapy technology for 
tissue regeneration based on its variety of advan-
tages over the use of iPSCs.

14.3.2  Clinical Studies with MSCs 
for Periodontal/Alveolar Bone 
Regeneration

In the past decade, stem cell therapy has been 
actively investigated in the field of craniofacial 
regeneration. According to a recent systematic 
review from May 2018, 47 controlled clinical 
studies have been published, including 22 RCTs 
[175]. Additionally, 30 uncontrolled studies and 
case series were reported. Most of these studies 
(74%) were designed to investigate the effect of 
stem cell implantation in sinus augmentation 
and/or ridge augmentation. Others tested the out-
come of stem cell therapy in treating alveolar 
clefts and cranial defects. A small number of the 
studies used stem cells to reconstruct the defects 
associated with fractures or tumor treatment. 
Regarding the cell source, about half of the con-
trolled studies harvested stem cells from iliac 
bone marrow aspiration. MSCs harvested from 
periosteum, maxillary tuberosity, and adipose tis-
sues were popular too. Stem cells from dental 
pulp and PDL were also reported. In 19 out of 47 
controlled studies, the isolated cells were not cul-
tured before implantation, whereas others used 
different techniques to expand the cells in vitro 
before delivery to patients. Overall, despite the 
different cell sources, harvest techniques, culture 
conditions, expanding methods, cell seeding 
numbers, carriers, and clinical applications, stem 
cell therapy seems to be safe in all these studies 
without major adverse effects. Meta-analysis was 
able to be performed to determine the effect size 
of cell therapy. In sinus augmentation, higher- 
quality bone regeneration was observed after cell 
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implantation with carriers compared to carriers 
alone; however, this difference was rather small. 
Here, we highlight some studies using stem cells 
to treat alveolar defects and diseases.

Bone regeneration. The use of stem cells has a 
positive influence on wound-healing processes, 
accelerating tissue proliferation, differentiation, 
and maturation and reducing patient morbidity 
[176, 177]. Kaigler et  al. isolated a group of 
MSCs and macrophage-like cells from the bone 
marrow (CD90+ and CD14+) and expanded them 
by a single-pass perfusion process [178]. These 
cells demonstrated a strong osteogenic and 
angiogenic potential in a pilot study. In a phase I/
II feasibility RCT, the implantation of these 
ex  vivo expanded BMSCs for sinus floor aug-
mentation appeared safe [179]. Through clinical, 
radiographic, tomographic, and histologic analy-
ses, stem cell therapy had a positive impact on 
alveolar bone healing, especially in the most 
severe defects (Fig.  14.5). Interestingly, it was 
determined that the regenerative outcomes corre-
lated with the CD90+ cell population trans-
planted. Other studies with expanded cells or 
whole-tissue fractions also support the beneficial 
effect of stem cell transplantation in orofacial 
bone regeneration [180–183]. In severe atrophic 
alveolar ridges, it has been shown that stem cell 
delivery can be useful to rebuild the bone for 
implant-supported prostheses [180, 184, 185].

Periodontal regeneration. Although a number 
of clinical studies have evaluated the impact of 
stem cell delivery on bone formation, there are 
only a few clinical trials that have been done on 
periodontal regeneration. Yamada et  al. com-
pleted a study to use autologous BMSCs from 
iliac crest to treat infrabony defects and  furcations 
[164, 186]. The cells were expanded before peri-
odontal surgeries and mixed with PRP gel. The 
average reduction in PD, gain in CAL, and radio-
graphic bone gain were 5.12 ± 2.45, 4.29 ± 1.32, 
and 3.12 ± 1.23 mm, respectively. The treatment 
was safe in all the patients. Autologous PDL cells 
from extracted third molars were used by some 
groups and promising results were reported [187, 
188]. It is interesting to mention that PDL cells 
have been incorporated in different scaffolds to 

regenerate the periodontal complex in various 
small and large animal models. By mixing the 
PDL cells, apical papilla stem cells, and a pre-
made, root-shaped biphasic hydroxyapatite scaf-
fold, Sonoyama et  al. were able to generate a 
bioengineered tooth root (“bioroot”) [189]. In 
combination with the imaging- based, computer-
aided design technique, we fabricated custom-
ized scaffold for periodontal defects. The 
implantation of stem cells in this scaffold induced 
the new formation of periodontal complex, evi-
dent by the insertion of defined, oriented fibrous 
fibers [190, 191].

Soft tissue regeneration/recession coverage. 
Soft tissue healing is clinically important in den-
tistry not only for cosmetic reasons but also to 
provide additional tissue volume to prevent fur-
ther recession of gingiva and papillae. Harvesting 
autologous tissues for recession coverage is usu-
ally unpleasant for patients. Therefore, artificial 
soft tissue materials have been developed to 
replace autologous grafts. A bilayer tissue- 
engineered cell sheet (allogeneic cultured kerati-
nocytes and foreskin fibroblasts) has been 
approved by the FDA to treat gingival recession. 
The cell layers produce an array of regenerative 
molecules, including cytokines and growth fac-
tors, to stimulate wound healing [192–195]. Stem 
cells can also be printed and grown into soft 
tissue- like material which can be used as soft tis-
sue grafts [196]. Interestingly, injection of MSCs 
with a hyaluronic acid scaffold has shown to 
decrease the interproximal “black triangle” [197].

Dental pulp regeneration. Although root canal 
treatment has significantly extended the longev-
ity of infected teeth, it is not a perfect solution 
due to the increased possibility of fracture and 
other complications. The potential to regenerate 
the pulp tissue holds many promises in the clini-
cal setting, especially in children when the root is 
not yet mature [198]. Root revitalization proce-
dures have been used with the concept that stem 
cells from the apical region “bleed” into the root 
canal and form a new pulp and blood vessels. 
Furthermore, promising results have been shown 
when stem cells are added into the root canal as 
part of the revitalization process [157, 199, 200].

14 Protein- and Cell-Based Therapies for Periodontal Regeneration



222

14.3.3  Future Direction for Cell 
Therapy in Periodontal 
Regenerative Medicine

Cell therapy continues to be an important research 
focus in periodontal and craniofacial regenera-
tion, and increasing evidence from preclinical and 

clinical studies has supported their efficacy. 
Before cell therapy is clinically accepted for 
widespread use in practice, many challenges must 
be addressed, namely, identifying the best way to 
deliver the cells on carrier scaffolds depending on 
the target tissue of interest. Emerging technolo-
gies in personalized medicine, namely, computer-
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aided scaffold design technology and 3D printing, 
now make it possible to fabricate customized 
scaffolds for each individual. Different materials 
(hydroxyapatite, calcium phosphate, polymers, 
collagen, etc.) and fabrication techniques have 
been evaluated to develop the optimal carrier to 
support cell attachment, viability, and differentia-
tion of the stem cells [201, 202]. Another issue 
that the field needs to consider is the cost-benefit 
ratio of cell therapy, which is an important practi-
cal consideration for treating non-life-threatening 
(disabling) diseases, like periodontitis and bone 
loss. Current cell therapy requires a centralized 
cell culture facility, proper shipping conditions, 
and storage technology, which will be very expen-
sive for the typical dental clinic setting. The next 
generation of cell therapy, which is based on the 
stem cell secretome, like conditioned media and 
exosomes, may hold great promise in their ability 
to mitigate the risks associated with cell transfer 
while still maintaining some key therapeutic ben-
efits of cell therapy.
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15.1  Introduction

Multiple nonsurgical and surgical approaches 
have been applied in the management and control 
of inflammatory periodontal and peri-implant 
diseases. The primary goal of treatment is to 
achieve periodontal and peri-implant health and 
to reduce risk of future disease recurrence and/or 
progression. A common clinical objective in the 
management of these inflammatory conditions is 

to reduce the burden of pathogenic bacteria and, 
presumably, risk for progressive inflammation 
and disease recurrence. Periodontal bacterial 
pathogens, such as Porphyromonas gingiva-
lis, Tannerella forsythia, Treponema denticola, 
and Aggregatibacter actinomycetemcomitans, 
exhibit strong associations with periodontitis 
[1]. Evidence suggest that the microflora of the 
oral cavity prior to implant placement deter-
mines the composition of the microflora in the 
peri-implant area [2]. Consistent with the fore-
going premise is the observation that the primary 
bacterial species implicated in the pathogenesis 
of peri-implantitis are recognized as periodon-
tal pathogens [3]. In a recent systematic review, 
Perez-Chaparro et al. [3] concluded that there is 
moderate evidence to support an association of 
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P. gingivalis, T.  denticola, and T. forsythia in the 
etiology of peri- implantitis. Additionally, there 
is some evidence to implicate P. intermedia and 
Campylobacter rectus in the etiology of peri-
implantitis. Conventional active therapy has tar-
geted the disruption and removal of dental plaque 
(biofilm) and calculus, root/implant surface 
decontamination and/or modification (e.g., root 
planing), with often a concomitant goal of reduc-
ing pocket depth. The management of contribut-
ing etiologic factors, such as cigarette smoking, 
inclusion of a conscientious regimen of daily 
oral hygiene, and regular professional supportive 
periodontal maintenance remain essential [4]. 
Surgical treatment approaches are commonly 
applied to manage moderate and advanced 
periodontitis and peri- implantitis, often with 
the objective of achieving either periodontal or 
peri-implant bone regeneration, respectively [5]. 
Longitudinal studies document the stability of 
clinical outcomes achieved with regenerative 
periodontal therapy; however, available data on 
long-term (>5  years) outcomes are insufficient 
to meaningfully compare clinical improvements 
and tooth or implant survival following various 
treatment approaches. Nevertheless, several fac-
tors consistently appear to increase risk of tooth 
or implant loss, including uncontrolled diabetes 
and pretreatment severity of bone loss [6, 7]. 
Longitudinal studies suggest that the particular 
periodontal therapy is less important than thor-
ough debridement of the diseased area, frequent 
professional care, and excellent oral hygiene 
practices by the patient [8]. Moreover, compli-
ance with regular professional supportive care is 
associated with improved tooth retention [6, 9, 
10] and implant survival [7, 11].

In general, the treatment of periodontal and 
peri-implant diseases targets the detoxification 
of root/implant surfaces alone or in combination 
with tissue regeneration and/or the elimination 
of periodontal/peri-implant pocketing as well as 
establishment of effective patient plaque-control 
regimens and regular professional supportive 
care [12]. Conventional surgical approaches, 
such as open flap debridement, provide critical 
access to evaluate and detoxify root and implant 
surfaces as well as establish improved periodon-

tal form and architecture; however, these surgi-
cal techniques alone offer only limited potential 
in restoring or reconstituting bone or component 
periodontal tissues. Moreover, traditional thera-
peutic approaches are hampered by clinician-, 
patient-, and site-related factors. These factors 
include, among others, a clinician’s surgical 
skills, patient habits such as smoking, defect 
configuration, and clinical access for effective 
debridement and disinfection.

The introduction of LASER (light amplifica-
tion by stimulated emission of radiation) tech-
nology has ushered in new therapeutic strategies 
and approaches to the treatment of inflammatory 
periodontal and peri-implant diseases [13]. Laser 
radiation (beam) is characterized by high direc-
tionality (collimation), coherence (photons are 
emitted in-phase), monochromaticity (narrow 
spectral width), and intensity (brilliancy). When 
laser light strikes a tissue surface, it can be reflected 
and refracted, scattered, absorbed, or transmitted. 
The fractional intensity that goes into these dif-
ferent processes depends on the optical proper-
ties of the tissue as well as the laser parameters, 
such as wavelength, energy, and pulse duration. 
The wavelength of light is the primary parameter 
determining the extent of energy absorption by a 
target tissue (Fig. 15.1). Each wavelength of laser 
energy exhibits unique absorption characteristics 
by cellular chromophores—including keratin, 
melanin, collagen, lipids, and certain proteins, 
among others—hemoglobin, oxyhemoglobin, 
and water. Laser energy is similarly absorbed by 
bacterial chromophores. The laser wavelength 
defines the mechanism of interaction, depth of 
penetration (Fig.  15.2), and absorption of pho-
ton energy which can include photothermal (i.e., 
heating), photodynamic (mediated by exoge-
nous chromosphere molecules or photosensitiz-
ers), biostimulation, and photoablation (ablative 
decomposition) responses [15].

In a recent review of lasers and the treatment 
of periodontitis, Cobb succinctly summarized the 
key suppositions underlying the general rationale 
for laser periodontal therapy as well as evidence to 
support them. [16] The presumed clinical benefits 
of using lasers, or specific laser wavelengths, as a 
monotherapy or adjunct to traditional  therapeutic 

M. A. Reynolds et al.



233

Fig. 15.1 Approximate net absorption curves of various 
tissue components, including water (H2O), tooth enamel, 
melanin, and hemoglobin (Hb). CO2 carbon dioxide, 
Er,Cr:YSGG erbium, chromium-doped yttrium- 
scandium- gallium-garnet, Er:YAG erbium-doped 
yttrium-aluminum-garnet, KTP potassium titanyl phos-
phate, Nd:YAG neodymium-doped yttrium-aluminum- 

garnet, Nd:YAP neodymium-doped yttrium-aluminum- 
perovskite. (Image courtesy of Dr. Donald J. Coluzzi, 
and adapted from D. J. Coluzzi, Fundamentals of lasers 
in dentistry: basic science, tissue interaction, and instru-
mentation. J Laser Dent 16 (Spec. Issue): 4–10, 2008; 
with permission© 2008 Academy of Laser Dentistry 
[14])

Contact Contact

Carbonization

Coagulation

Stimulation

Er: YAG
Er,Cr:YSGG

Superficially-absorbed type Deeply-penetrating type

CO2 (CW)
Diode

Nd:YAG

Non-contact

Fig. 15.2 Classification of lasers according to depth of 
light penetration in tissue—superficially absorbed type 
(shallow penetration and scatter) versus deeply pene-
trating type (deep penetration and scatter). CO2 carbon 
dioxide, CW continuous wave, Er,Cr:YSGG erbium, 
chromium-doped yttrium-scandium-gallium-garnet, 

Er:YAG erbium-doped yttrium-aluminum-garnet, 
Nd:YAG neodymium-doped yttrium-aluminum-garnet. 
(Image reproduced from A. Aoki et al., Periodontal and 
peri- implant wound healing following laser therapy. 
Periodontol 2000 68: 217–269, 2015; with permission© 
2015 John Wiley & Sons A/S [14])

15 Lasers in Periodontal and Peri-implant Therapy: Challenges and Opportunities



234

strategies, include significant potential for root 
surface debridement and detoxification, reduced 
subgingival bacterial burden, targeted eradication 
of pigmented anaerobic gram- negative bacteria, 
effectual subgingival curettage, suppression of 
inflammation, biostimulation, and periodontal 
regeneration [16]. Although peri- implant tis-
sues differ from periodontal tissues in terms of 
composition and organization, these same suppo-
sitions apply and can be extrapolated to the appli-
cation of lasers to peri-implant therapy.

This chapter provides an overview of laser 
science and clinical evidence on the therapeutic 
efficacy of lasers as a monotherapy or adjunct to 
traditional nonsurgical and surgical approaches 
in the treatment of periodontal and peri-implant 
diseases.

15.2  Impact of  Local 
Environmental Cues

The ability of cells to sense and respond to their 
local environment is essential for normal cellular 
function and survival and provides an important 
therapeutic pathway to modulate wound healing. 
Bone grafts are intended to promote and/or accel-
erate natural regenerative processes at the site of 
the defect by providing architectural support and 
stability, serving as an osteoconductive scaffold 
for anchorage-dependent cells with osteogenic 
potential. Grafts containing growth factors or 
osteoblasts/osteoprogenitor cells also exhibit the 
ability to directly induce bone formation or pro-
mote osteogenesis, respectively. Evidence also 
points to the capacity for the graft, serving as a 
substratum, to function as an insoluble signal reg-
ulating the expression of the soluble osteogenic 
molecular signals of the TGF-β superfamily and 
initiating bone formation by induction [17–19].

The responsiveness of mesenchymal stem cells, 
osteoprogenitor cells, and osteoblasts to certain 
environmental cues, such as pulsed electromag-
netic fields and nanovibrational fields, forms the 
basis for clinical practice of biophysical stimula-
tion to increase and enhance reparative anabolic 
activity of the bone [20]. The molecular basis of 
bone mechanotransduction is complex and reflects 

a diverse interplay of ion channels, integrins, cell 
membrane, cytoskeleton, and other systems [21]. 
Recent studies suggest that laser energy can also 
modify the molecular dynamics of the mem-
brane [22, 23]. These membrane alterations may 
be attributable in part to induction of free radical 
generation and to change in enzymatic and anti-
oxidative activities of cellular components [23]. 
Laser energy has the potential to modulate a wide 
array of cellular and molecular pathways.

Hosseinpour et  al. [24], for example, com-
prehensively reviewed in  vitro and in  vivo 
studies evaluating the effects of laser radiation 
on cellular and molecular activities, includ-
ing osteogenic markers, angiogenic markers, 
growth factors, and inflammatory mediators, 
with the potential to impact bone regeneration. 
Photobiomodulation was found to significantly 
enhance expression of osteocalcin, collagen, 
RUNX-2, vascular endothelial growth factor 
(VEG-F), bone morphogenetic proteins (BMPs), 
and COX-2. Given the heterogeneity of the 
studies, Hosseinpour et  al. [24] concluded that 
the effects of laser irradiation depend on mul-
tiple laser parameters; however, the most impor-
tant parameter appears to be energy density. 
Furthermore, the authors concluded that there 
is insufficient evidence to guide the clinical 
therapeutic application of photobiomodulation. 
Emelyanov and Kiryanova [25], in contrast, con-
cluded that cell type, rather than wavelength, was 
most important in choosing laser parameters. 
These authors also concluded that the highest 
increases in proliferation or differentiation were 
obtained using high power density, low energy 
density, and short exposure time. Bayat et  al. 
[26] also concluded that low-level laser therapy 
causes a stimulatory effect on osteoblasts and 
osteocytes and enhances osteoblast proliferation 
and differentiation of different bone cell lines 
used in in  vitro studies. Escudero et  al. [27] 
similarly concluded that low-level laser therapy 
has positive photobiostimulatory effects on bone 
regeneration, accelerating its process regard-
less of parameters and the use of biomaterials. 
The results of these studies are consistent with 
other evidence that laser radiation has the abil-
ity to stimulate gingival fibroblast proliferation, 
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collagen synthesis, and wound healing [28–30]. 
Cell stimulatory effects have been demonstrated 
in response to irradiation by low-level lasers, 
including Ga-Al-As (805 or 650  nm), diode 
(810 nm, 870, or 940 nm), pulsed Nd:YAG, and 
Er:YAG lasers. [31–33] [34]

Preclinical investigations provide evidence 
for the potential of laser energy to influence bone 
metabolism and wound healing. Kim et al. [35], 
for example, examined bone repair following 
the application of a pulsed Nd:YAG laser, using 
a noncritical-sized calvarial defect model in rats 
and rabbits. The defects were left empty or filled 
with a collagen membrane prior to wound clo-
sure (Fig.  15.3). Starting the day after surgery, 
one defect in each animal was irradiated with a 
Nd:YAG laser once every 2 days for 2 weeks at 
a constant total fluence rate (344 J/cm2), output 
power (0.75  W), pulse repetition rate (15  pps), 
and wavelength (1064  nm) holding the laser 
source 1–2  cm from the calvarial skin surface. 
Microcomputed tomography was performed 
after 4 weeks of defect healing. Laser irradiation 
resulted in significantly greater new bone area 
and percentage bone normalized to total defect 
area compared to nonirradiated control defects 
with and without scaffold in both animal models 
(Fig. 15.4).

Laser irradiation is absorbed by intracel-
lular chromophores, presumably altering cel-
lular activity, and is an important mechanism 
of action of low-level laser radiation. However, 
high- intensity pulsed laser irradiation can 
produce acoustic waves in the target tissue. 
Ninomiya et  al. [36] examined the potential 
for high- intensity pulsed laser irradiation to 
accelerate bone formation using a femur model 
in rats. A Q-switched Nd:YAG laser was used 
to irradiate femurs either once a day, with the 
average fluence rate set at 100  mW/cm2, or 
twice daily, with the average fluence rate set 
at 50  mW/cm2. The mean bone volume and 
mineral apposition rate in the metaphysis was 
significantly higher following laser irradiation 
than the nonirradiated control group; however, 
the increase was highest for the lower fluence 
and higher-frequency condition, suggesting 
an important role for pulse frequency in bone 
formation. Ninomiya et al. [36] concluded that 
the formation of the bone induced by high-
intensity pulsed laser irradiation might be due 
to laser-induced pressure waves. In a subse-
quent study, Ninomiya et al. [29] demonstrated 
that nanosecond pulsed laser irradiation of the 
rat femur, using a Q-switched Nd:YAG laser, 
resulted in an increased bone volume and min-

a b

Fig. 15.3 Study of bone repair following application of 
a pulsed Nd:YAG laser, using a noncritical-sized cal-
varial defect model in rats and rabbits (a). In rats, a 
5-mm-diameter bilateral calvarial bone defects were 
created and left empty or implanted with a collagen 
sponge. Starting the day after surgery, one defect in 
each animal was irradiated with a Nd:YAG laser once 
every 2 days for 2 weeks at a constant total fluence rate 

(344  J/cm2), output power (0.75 W), and pulse repeti-
tion rate (15 pps), holding the laser source and adapted 
1–2  cm from the calvarial skin surface (b). (Images 
courtesy of Dr. Soon Jung Hwang, and adapted from K. 
Kim et al., High- intensity Nd:YAG laser accelerates 
bone regeneration in calvarial defect models. J Tissue 
Eng Regen Med 9: 943–951, 2013; with permission© 
2013 John Wiley & Sons [35])
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eral density based on morphometric analysis. 
Importantly, the histologic analysis revealed a 
decrease in number of osteoclasts, suggesting 
that the laser-induced increase in bone vol-
ume was partially attributable to a decrease in 
osteoclastic activity. Other preclinical studies, 
however, using different laser wavelengths, 
protocols, and experimental models, have pro-
vided varying results with respect to bone heal-
ing [37, 38].

15.3  Wound Healing: Windows 
of Opportunity

Lasers have the potential to affect each of the 
four highly integrated and overlapping phases of 
the wound-healing process: hemostasis, inflam-
mation, proliferation, and tissue remodeling 
or resolution [39, 40]. High-intensity lasers, 
for example, have been shown to induce pho-
tothermal and hemodynamic responses that 

Fig. 15.4 Histomorphometry based on microcomputed 
tomography-based analysis of calvarial defect after 4 weeks 
of healing (a–b). Dotted circles in blue (nonirradiated con-
trol group) and red (irradiated laser group) indicate the 
position and dimensions of the 5 mm original defect size. 
(c) Histomorphometric analysis revealed significantly 
(p < 0.05) greater new bone area (mm2; left axis) and per-
centage (%) normalized to total defect area (right axis) for 

laser-irradiated defects (dark bar) compared to nonirradi-
ated control defects (light bar) with and without scaffold. 
Similar results were shown using an 8 mm calvarial defect 
model in the rabbit. (Images courtesy of Dr. Soon Jung 
Hwang, and adapted from K.  Kim et  al., High-intensity 
Nd:YAG laser accelerates bone regeneration in calvarial 
defect models. J Tissue Eng Regen Med 9: 943–951, 2013; 
with permission© 2013 John Wiley & Sons [35])
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lead to swelling and rupture of erythrocytes, 
ultrastructural perturbation of the endothelial 
cell membrane and denudation of the endo-
thelial monolayer triggering primary and sec-
ondary hemostasis, and coagulation secondary 
to protein denaturation, conformational rear-
rangement, and cross-linking and aggregation 
(reviewed by [41]).

Cell culture and experimental animal models 
of inflammation provide evidence that low-level 
laser irradiation reduces inflammatory media-
tors and markers of inflammation. Lee et  al. 
[42], for example, examined the anti-inflamma-
tory effect of laser irradiation on human peri-
odontal ligament cells cultured with or without 
lipopolysaccharide (LPS) from P. gingivalis 
or Escherichia coli, followed by irradiation 
with a gallium- aluminum- arsenide (GaAlAs) 
laser (660  nm) at an energy density of 8  J/
cm2. Laser irradiation was shown to inhibit the 
LPS-induced pro- inflammatory cytokine gene 
expression, including tumor necrosis factor-α 
(TNF-α), interleukin 1-ß (IL-ß), interleukin 
6 (IL-6), and interleukin 8 (IL- 8), decrease 
nuclear factor-κB (NF-κB) transcriptional activ-
ity, and elevate intracellular levels of cyclic 
adenosine monophosphate (cAMP) relative to 
the unexposed control cells. The results sug-
gest that low-level laser irradiation might inhibit 
LPS-induced inflammation through the cAMP/
NF-κB pathway. Wu et al. [43] investigated the 
anti-inflammatory effect of low-power laser irra-
diation using a GaAlAs laser (660 nm) on LPS-
treated human adipose-derived stem cells. LPS 
exposure significantly induced the production of 
pro-inflammatory cytokines (cyclooxygenase-2, 
IL-1ß, IL-6, and IL-8). Laser irradiation mark-
edly inhibited LPS-induced, pro- inflammatory 
cytokine expression at an optimal dose of 8  J/
cm2. Giannelli et  al. [44] reported that low-
intensity Nd:YAG laser irradiation significantly 
reduced P. gingivalis LPS-induced nitric oxide 
production and cell activation by macrophages 
and strongly attenuated intercellular adhesion 
molecule-1 and vascular cell adhesion molecule 
expression, as well as interleukin-8 production, 
by endothelial cells, thereby blunting the LPS-
induced inflammatory response. These culture 
studies highlight the ability to modulate the 
inflammatory response through laser irradiation, 

presumably through common or overlapping 
cellular pathways.

Bortone et al. [45] examined the effect of low- 
level laser irradiation on kinin receptor messenger 
ribonucleic acid (mRNA) expression in the car-
rageenan-induced rat paw model of edema. The 
results demonstrated that laser irradiation (660 
or 684  nm wavelength) significantly decreased 
Kinin B1 receptor mRNA expression and mod-
estly decreased Kinin B2 receptor mRNA expres-
sion. Using an LPS-induced peritonitis model in 
mice, Correa et al. [46] examined the effect of an 
infrared low-level laser (GaAs; 904 nm, 4 mW) 
on the migration of inflammatory cells. Laser 
irradiation was found to diminish inflammatory 
cell migration in a dose-dependent manner, with 
the strongest effect on migration with the 3-J/
cm2 exposure, with reductions of 77% in neutro-
phil counts and 49% in leukocyte counts. Pires 
et al. [47] reported that low-level laser irradiation 
decreased IL-6 and cyclooxygenase-2 (COX-2) 
expression in both acute and chronic phases in 
collagenase-induced tendinitis in rats.

Boschi et  al. [48] reported that low-level 
laser irradiation (660  nm) induced an anti- 
inflammatory effect characterized by inhibition 
of either total or differential leukocyte influx, 
exudation, total protein, nitric oxide (NO), IL-6, 
monocyte chemoattractant protein-1 (MCP-1), 
interleukin 10 (IL-10), and TNF-α, in a dose-
dependent manner in carrageenan-induced pleu-
risy in a rodent model. Collectively, the results 
of these studies and others [49–51] document 
the potential for low-level laser (e.g., Nd:YAG, 
diode) to suppress mediators of inflammation and 
that this effect likely involves modulation of the 
NF-κB transcriptional pathway [52].

Of particular importance to regenerative 
wound healing is evidence that low-level laser 
(e.g., Nd:YAG, diode, CO2) irradiation has the 
capacity to promote the proliferation and differ-
entiation of mesenchymal stem cells as well as 
the proliferation of gingival fibroblasts, osteo-
blasts, and other cell types [25, 26, 30, 53–60]. 
Studies also document the potential for laser irra-
diation to augment the immune response, includ-
ing lymphocyte stimulation, mast cell function, 
and dendritic cell mobilization [61, 62].

Recent systematic reviews generally conclude 
that laser irradiation promotes wound healing in 
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experimental animal models [63–65]. Gál et  al. 
[66], for example, concluded that low-level laser 
irradiation, when applied to wounded animals, was 
associated with superior results for tensile strength 
(8 studies) and wound contraction analysis (11 
studies) based on controlled studies. Posten et al. 
[67], however, noted that improvements in surgi-
cal wound healing in rodent models have not been 
duplicated in larger animals, such as pigs, which 
have skin more closely resembling that of humans. 
Nevertheless, other reviewers have concluded the 
results of cell studies and animal experiments 
show strong evidence to substantiate conducting 
large clinical trials to evaluate the efficacy of low-
level laser in promoting wound healing. [68]

The unequivocal interpretation of available evi-
dence is hampered by multiple factors, including 
heterogeneity of experimental models, protocols, 
and irradiation parameters, such as wavelength, 
irradiance, and pulse structure as well as the energy, 
energy density, irradiation time, and treatment 
interval [69]. The studies provide little insight into 
the mechanism of laser action, whether photother-
mal, photochemical, or photomechanical. Similar 
concerns have arisen with studies evaluating the 
efficacy of irradiation with different laser types, 
including carbon dioxide (CO2), Nd:YAG, and 
diode, on wound healing following tooth extrac-
tion in animal models and humans. Systematic 
reviews generally conclude that there is limited 
evidence that certain lasers and protocols appear to 
improve bone and soft tissue wound healing [70]; 
however, there are insufficient well-designed and 
randomized controlled clinical trials with compa-
rable study design to conclude that laser therapy 
enhances wound healing following tooth extraction 
[71]. The availability of such data is necessary for 
the development of evidence-based recommenda-
tions and clinical guidelines.

15.4  Therapy: Setting the Stage

A major challenge in treating periodontal and 
peri-implant diseases, such periodontitis and 
peri-implantitis, is the effective removal of bac-
terial toxins and disruption of tooth/implant- 
associated biofilms.

15.4.1  Decontamination 
and Detoxification

15.4.1.1  Root Surface
The effective decontamination and disinfection 
of root and dental implant surfaces by mechanical 
instrumentation, whether using hand instruments 
or powered devices, is often clinically challeng-
ing to achieve. The rationale for selecting laser 
therapy generally includes the expectation that 
lasers, whether used as a monotherapy or adjunc-
tive to scaling and root planing (SRP), are effec-
tive in detoxifying root surfaces, in producing 
a significant reduction in subgingival bacterial 
load, and in reducing inflammation [16]. Another 
rationale for the selection of lasers is the premise 
that lasers can access deep periodontal pockets, 
furcation defects, and complex root topography, 
including grooves and concavities, better than 
scalers [72].

Lasers provide the ability to deliver large 
amounts of energy into relatively small, targeted 
regions of soft or hard tissue. Achieving a desired 
tissue or material modification is dependent on 
the proper selection of laser wavelength and 
parameters. The unique interaction of laser light 
with a tissue or material can lead to permanent 
changes in the tissue or material properties.

Early in  vitro studies provided important 
information on the behavior of different laser 
parameters, such as wavelength and pulse dura-
tion, directed at root surfaces for the purpose of 
disrupting and removing calculus. The studies 
sought to characterize the efficiency and effec-
tiveness of calculus removal as well as potential 
alterations in root surface topography and struc-
ture. The diode laser is one such laser that alters 
the root surface and has been shown to result 
in severe surface modifications, such as crater 
formation [73]. Additionally, the application of 
CO2 and Nd:YAG laser resulted in morphologic 
changes in the root surfaces concordant with 
energy density, with or without air/water surface 
cooling [74]. Descriptions of laser- induced sur-
face changes include, among others, cavitation, 
globules of melted and resolidified mineral, sur-
face crazing, and production of a superficial char 
layer. The significance and impact of root surface 
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modifications on periodontal regeneration are 
unknown; however, there is evidence that such 
morphologic surface changes may hinder cell 
attachment [75–77].

More specifically, the Nd:YAG laser wave-
length is minimally absorbed in water and 
exhibits minimal absorption by the tooth, bone, 
calculus, or enamel. As a result, it is not effec-
tive for the removal of calculus, and the energy 
density necessary to ablate the calculus has sig-
nificant collateral thermal effects [78]. Similarly, 
the thermal effects of the CO2 laser will lead to 
carbonization and root damage [78]. Schwarz 
et al. [73] reported diode lasers are overall inef-
fective at calculus removal and cause undesir-
able root surface alterations, such as grooves and 
cratering.

In contrast, the Er:YAG laser affects calculus 
removal without gross morphologic alterations in 
the cementum surface. Eberhard et al. [79] com-
pared the non-surgical effectiveness of Er:YAG 
laser and conventional SRP in achieving calculus-
free subgingival root surfaces on single-rooted 
teeth with untreated periodontitis. When residual 
calculus was measured by digitized planimetry 
following extraction and both treatments were 
performed for the same time duration, SRP pro-
duced a significantly greater area free of residual 
calcified deposits than with Er:YAG laser irradia-
tion (93.9 ± 3.7% versus 68.4 ± 14.4%, respec-
tively). When laser irradiation was performed 
for twice the time utilized for hand instrumen-
tation, the mean area of root surface devoid of 
calculus increased but remained significantly less 
than with SRP (83.3 ± 5.7% versus 96.3 ± 3.5%, 
respectively). The effectiveness of both treat-
ments in subgingival calculus removal was not 
related to the initial probing depth. Notable, too, 
was that laser-treated tooth surfaces exhibited 
no dentin exposure and minimal reduction of 
cementum, whereas hand instrumentation was 
associated with denudation of dentin.

In a similar study, Schwarz et al. [80] evaluated 
the effectiveness of an Er:YAG laser for subgingi-
val calculus removal from root surfaces of single-
rooted teeth treatment planned for extraction due 
to severe periodontitis. In this study,  subgingival 
laser irradiation was performed using a fluorescent 

calculus detection system. Histologic evaluation 
revealed that Er:YAG laser application provided 
subgingival calculus removal comparable to that 
provided by SRP.  Again, no detectable surface 
alterations were noted. Additionally, Crespi et al. 
[81] found smooth root surfaces and an absence 
of debris following Er:YAG laser application. In 
sum, Er:YAG laser can be effective in calculus 
removal without root surface alteration or major 
thermal side effects to adjacent tissue [82–84]. 
Furthermore, the resultant smooth root surface 
morphology was attained even at higher energy 
settings [80, 81, 85].

Similar results for calculus removal have been 
reported for the Er,Cr:YSGG laser [86]. Etemadi 
et  al. [87], however, reported that the Er:YAG 
laser appears to have an advantage in terms of 
time and efficiency of calculus removal compared 
to the Er,Cr:YSGG laser. Stereomicroscopic 
examination revealed no carbonization or resid-
ual calculus in either treatment group; however, 
root surfaces exhibited craters, with significantly 
higher number of craters in the Er,Cr:YSGG 
laser group than the Er:YAG laser group. Ting 
et  al. [88] found Er,Cr:YSGG laser irradiation 
produced root surface alterations without thermal 
alterations, such as carbonization and melting 
[88]. As summarized in a recent review by Lavu 
et al. [89], erbium lasers are suitable for calculus 
removal with minimal root surface alteration or 
thermal damage, providing a favorable surface 
for cell attachment.

15.4.1.2  Dental Implant Surface
Laser application to dental implant surfaces has 
significant potential to induce thermal alterations 
on the implant surface and impact to surrounding 
tissue. The CO2 laser, diode laser, Er:YAG laser, 
and Nd:YAG laser have all been used clinically in 
the treatment of peri-implant diseases. With respect 
to surface implant decontamination, the Nd:YAG 
laser is not recommended for implant decontami-
nation, since it alters and ablates the titanium sur-
face at any applied energy level [90]. However, 
it has been used successfully for treatment of the 
surrounding peri-implant tissues. The CO2, diode, 
and Er:YAG lasers all have been effective at decon-
tamination in vitro [91]. The diode laser does not 
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damage the titanium surface and is also capable of 
decontamination of rough surface implants [92]. 
CO2 lasers can be used without implant surface 
damage if appropriate power output is selected. 
Implant decontamination has been reported when 
applying a CO2 laser at an energy density of 286 
and 245 J/cm2 in vitro [93].

The Er:YAG laser can effectively remove cal-
culus and plaque from a variety of contaminated 
titanium surfaces of different characteristics [94, 
95]. Schwarz et al. [94] reported that irradiation 
with an Er:YAG laser resulted in greater plaque 
biofilm removal on sandblasted and acid-etched 
titanium surfaces prepared in the oral cavity than 
with ultrasonic instrumentation or plastic curettes 
with chlorhexidine rinsing. In another clini-
cal trial, Er,Cr:YSGG laser application to con-
taminated sandblasted and acid-etched surfaces 
resulted in effective biofilm removal [96]. Both 
Er:YAG and Er,Cr:YSGG lasers cause no visible 
changes to the implant surfaces, and the addition 
of a water spray minimizes the potential tempera-
ture changes at the implant material surface [97]. 
Overall, CO2, diode, and erbium lasers appear 
effective for decontamination of implant surfaces. 
What remains to be defined is the biocompatibility 
of titanium surfaces and their potential to support 
re-integration after the laser decontamination.

15.4.2  Microbial Disinfection

In clinical practice, antimicrobial chemothera-
peutic agents are widely used in an effort to reduce 
or change the quality of microbial pathogens in 
biofilms through local or systemic  delivery. Laser 
radiation exhibits the ability to disrupt biofilms 
and exert broad-spectrum antimicrobial activity, 
although the effect and action appear dependent 
on laser beam parameters, dose, and bacterial 
species [98–102]. The antimicrobial properties of 
lasers and laser-activated photosensitizers have 
received considerable attention in the manage-
ment of periodontal and peri-implant diseases.

15.4.2.1  Photodynamic Therapy
One means of disinfection is the use of low-level 
light energy and chemical photosensitizers. The 
photodynamic process is based on converting 

light energy to chemical, which requires an addi-
tional agent to transform the light energy, called 
a photosensitizer. This process has been termed 
antimicrobial photodisinfection or photodynamic 
therapy. The stimulation of a photosensitizer by 
an appropriate light wavelength produces highly 
reactive oxygen species, such as reactive singlet 
oxygen (1O2) [103, 104]. The singlet oxygen 
(1O2) and free radicals generated are highly reac-
tive with extremely short lifespans (measured 
in μ seconds) due to their unstable electronic 
configuration.

A variety of exogenous compounds have 
been used that can be photoactivated in the 
ultraviolet and visible regions of the electro-
magnetic spectrum [105]. Multiple photosen-
sitizing compounds, including phenothiazine 
chloride, toluidine blue, methylene blue, and 
tolonium chloride, have been used in photody-
namic therapy for periodontal and peri-implant 
disease [106]. Photosensitizing molecules when 
delivered in a pocket may interact with different 
cellular constituents based on their affinities for 
these components, while the binding sites deter-
mine the localization of the photodynamic dam-
age effect in situ due to the generation of reactive 
oxygen species [105].

Bactericidal efficacy of photodynamic therapy 
was explored by Akram et al. [106] in a system-
atic review of clinical trials that assessed bacte-
ricidal efficacy of photodynamic therapy when 
combined as an adjunct to SRP in patients with 
periodontitis. Seventeen prospective, random-
ized controlled clinical trials examining anti-
microbial photodynamic therapy (aPDT) for 
the treatment of periodontitis met the inclusion 
criteria. Additionally, study inclusion required 
pre- and posttreatment microbial counts for any 
of the following periodontal bacteria: P. gingi-
valis, T. forsythia, T. denticola, and A. actino-
mycetemcomitans. Of the 17 studies, 13 clinical 
trials showed similar reduction in the selected 
periodontal pathogens for SRP and SRP plus 
aPDT. All studies utilized diode lasers but with 
differences in protocols that included irradiation 
wavelength (470 and 810 nm), exposure duration 
(60–300 sec), photosensitizing agent, and follow-
up period, limiting the interpretation of outcomes 
regarding the effectiveness of aPDT as an adjunct 
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to SRP to reduce periodontal pathogens. In sum, 
only 24% of the clinical studies reported bacterial 
count reductions of key periodontal pathogens 
beyond that accomplished by SRP alone. Of note, 
in one study, T. denticola was actually signifi-
cantly increased at 24 weeks following SRP plus 
aPDT [107]. Gandhi et al. [108] recently reported 
a 9-month clinical trial demonstrating significant 
reductions in A. actinomycetemcomitans and P. 
gingivalis counts using low-level laser therapy 
and aPDT as an adjunct to SRP in the treatment 
of periodontitis.

To establish whether aPDT can substitute for 
the incorporation of a systemic antibiotic during 
SRP, another comparative review of aPDT by 
Akram et al. [109] identified five clinical trials 
comparing aPDT to systemic antibiotics as an 
adjunct to SRP. These studies provided outcome 
data following irradiation of periodontal pock-
ets with diode laser wavelengths with follow- up 
from 12 to 48 weeks. When compared to adjunc-
tive antibiotics, aPDT did not produce any addi-
tional benefit in clinical outcomes. Therefore, it 
remains equivocal whether aPDT can substitute 
for systemic administration of antibiotics in 
the nonsurgical therapy of periodontitis, par-
ticularly in patients with more aggressive rates 
of disease progression. Overall, consistency is 
lacking with respect to the adjunctive impact of 
aPDT on microbial counts.

15.4.2.2  Dental Implant Surface 
Disinfection

Decontamination of dental implants was the 
focus of a recent review by Alasqah et al. [110]. 
This review of in  vitro studies examined the 
effects of aPDT on bacterial colonization and 
dental implant surface topography, including 
titanium implants, zirconia implants, and tita-
nium discs. All included studies used diode 
laser energy, ranging in wavelength from 625 to 
810 nm. Photosensitizers applied included meth-
ylene blue, toluidine blue, indocyanine green, 
and phenothiazine chloride, and a variety of bac-
terial species were evaluated, including P. inter-
media, A. actinomycetemcomitans, P. gingivalis, 
Streptococcus gordonii, Actinomyces naeslun-
dii, Fusobacterium nucleatum, Campylobacter 
rectus, Filifactor alocis, Eikenella corrodens, 

Parvimonas micra, T. forsythia, T. denticola, and 
Staphylococcus aureus. All studies showed a sig-
nificant but incomplete reduction in the bacterial 
load. Implicated in other studies is the sugges-
tion that the implant surface type may influence 
the effectiveness of photodynamic therapy, pre-
sumably due to differences in biofilm or biofilm 
access [111]. Regardless, most studies address-
ing different implant surfaces generally demon-
strate some reduction of bacterial load following 
photodynamic therapy [112–116]. It has been 
suggested that, dependent on the implant surface, 
the combination of titanium brush application 
with aPDT might be more efficient for the reduc-
tion of bacteria [111]; however, this remains to be 
tested in vivo since the assessment with the com-
bined application was in vitro and with only one 
seeded pathogen, S. aureus, over a short-incuba-
tion period. It is important to note that aPDT did 
not eliminate the bacteria; therefore, an important 
consequence is the persistence of residual LPS, 
which was not evaluated in these studies.

Huang et  al. [117] evaluated osteoblast-like 
MG63 cell attachment, proliferation, differen-
tiation, and mineralization on contaminated SLA 
(sandblasting, large grit, and acid-etching) tita-
nium alloy surfaces after photodynamic therapy 
using different concentrations of methylene blue 
and the application of a 660 nm diode laser. The 
titanium alloy surfaces were first contaminated 
with A. actinomycetemcomitans or Streptococcus 
mutans. aPDT resulted in significant reduc-
tions in bacterial colonies. Importantly, the dis-
infected disc surfaces were found to support 
osteoblast- like MG63 cell attachment, prolif-
eration, differentiation, and mineralization. The 
highest methylene blue concentrations (350 and 
400 μg/mL) resulted in the lowest lipopolysac-
charide (LPS) remaining quantity on the A. 
actinomycetemcomitans- contaminated surfaces. 
Notably, osteoblasts cultured on disinfected sur-
faces with the application of the higher methy-
lene blue concentration photodynamic therapy 
achieved comparable osteoblast culture to that of 
the control without contamination. Thus, aPDT 
offers the potential to sufficiently reduce bacte-
rial and LPS contamination to allow for bone 
growth or reintegration of the bone along the pre-
viously diseased dental implant. Clinical studies, 
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however, are necessary to extrapolate these and 
other experimental results with titanium and tita-
nium alloy surfaces to patient care.

15.4.3  Implant Particulate 
and Debris

Orthopedic implant materials can undergo cor-
rosion, degradation, and wear, releasing parti-
cles and debris into the surrounding tissues that 
can elicit inflammatory and immune responses 
[118]. Titanium dioxide (TiO2) nanoparticles, for 
example, exhibit the potential to induce oxida-
tive stress, cellular apoptosis, and inflammation 
[119]. Titanium particles and degradation prod-
ucts have been detected in oral tissues associ-
ated with dental implants (reviewed in [120]). 
Of growing concern is the potential for titanium 
particles to elicit an inflammatory response in 
oral tissues [120–122]. Although there is no 
direct evidence of a causal relationship between 
particulate titanium debris and inflammation in 
oral tissues, a growing number of reports have 
documented the presence of particulate debris in 
the soft tissues surrounding dental implants with 
peri-implantitis. One recent report describes two 
cases of peri-implantitis that initially responded 
poorly to regenerative therapy; however, when 
the sites were subsequently irradiated with 
either an Nd:YAG or CO2 laser, demonstrable 
improvements emerged in clinical parameters 
and  radiographic bone fill [123]. The authors 
suggested that the successful treatment of peri-
implantitis may need to also incorporate decon-
tamination of the soft tissues in addition to the 
implant surface. Particulate debris may also pro-
vide insight into the etiology of certain cases of 
refractory peri-implant mucositis. Future investi-
gations appear warranted.

15.5  Periodontal Therapy

15.5.1  Nonsurgical

In a recent systematic review, Chambrone et al. 
[124] examined the use of infrared lasers (i.e., 

Diode, Er:YAG, and Nd:YAG) alone or as an 
adjunct to SRP for the nonsurgical treatment of 
chronic periodontitis. The clinical application of 
SRP plus infrared lasers as part of debridement 
procedures was found to promote significant 
improvements in bleeding on probing, clinical 
attachment level, and probing depth. Nonetheless, 
it was concluded that infrared laser (Er:YAG and 
Nd:YAG) alone did not show additional gains to 
those accomplished by SRP alone. Moreover, 
no overall differences were identified when 
comparing clinical outcomes between infrared 
laser alone and SRP alone (Diode, Er:YAG, or 
Nd:YAG); however, the results of studies evalu-
ating SRP plus infrared laser (Diode, Er:YAG, or 
Nd:YAG) suggest modest additional clinical ben-
efits in clinical attachment level gains (<1 mm) 
and probing depth reduction (<1  mm) to those 
achieved by SRP alone. Consistent with the clini-
cal outcomes, Chambrone et al. [124] found the 
application of SRP alone, laser alone, and SRP 
plus laser was essentially comparable in reducing 
total colony-forming units and levels of differ-
ent bacterial pathogens (e.g., A. actinomycetem-
comitans, T. forsythia, C. rectus, E. corrodens, 
F. nucleatum, P. gingivalis, P. intermedia, T. 
denticola) within 4–12  weeks after treatment. 
Consistent with studies following mechanical 
instrumentation, levels of the bacterial pathogens 
generally returned to levels comparable to base-
line 6  months after treatment [125–127]; how-
ever, sustained superior reductions in selected 
periodontal pathogens after Er:YAG laser or 
SRP plus laser treatment have been reported at 
12 months [128].

Zhao et  al. [129] conducted a systematic 
review to evaluate the Er:YAG laser versus 
SRP as alternative or adjunctive treatment for 
chronic periodontitis. The meta-analysis, which 
included data from eight studies, showed that 
Er:YAG laser resulted in comparable short-term 
(3 months) improvements in clinical attachment 
level gain and probing depth reduction to those 
obtained with SRP.  At 12-month follow-up, 
the comparison of the two treatment modalities 
(three studies) demonstrated no statistically sig-
nificant difference in clinical attachment level 
gain or probing depth reduction.
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Recent systematic reviews generally con-
clude that compared to SRP alone, the ER:YAG 
laser results in similar or improved short-term 
clinical outcomes; however, no significant treat-
ment differences remained with respect to out-
comes at the 6- and 12-month follow-up periods 
[72, 130]. Er:YAG laser and Er,Cr:YSGG laser 
result in modestly more surface roughness when 
compared with ultrasonic and hand instru-
mentation [86]. Interpretation of the results, 
however, was limited by heterogeneity and 
risk of bias [72]. The level of evidence for the 
nonsurgical application of lasers for the treat-
ment of periodontitis was critically appraised 
in a more recent systematic review and meta-
analysis [131]. The authors concluded that SRP 
plus aPDT will attain a 0.53 mm mean gain in 
clinical attachment level with moderate cer-
tainty. However, when compared to SRP alone, 
the adjunctive use of a diode laser (non-aPDT), 
Nd:YAG laser, or erbium laser had a low level of 
evidence or certainty of effect on clinical attach-
ment level gain (0.21–0.41 mm benefit) in the 
reported critical appraisal [131, 132].

15.5.2  Subgingival Curettage 
(Pocket De-epithelialization)

Gingival curettage is a surgical procedure 
designed to remove the epithelial lining of the 
periodontal pocket, with the goal of denuding the 
subjacent gingival connective tissue. The origi-
nal objective of the gingival curettage procedure 
was to remove the pocket lining and junctional 
epithelium, including any granulation tissue, 
thereby setting the stage for new connective tis-
sue attachment to the tooth. Subgingival curet-
tage has been performed using manual curettes, 
chemicals, and excisional gingival flap surgery 
[133, 134]. Clinical studies, however, have con-
sistently failed to show any additional benefit of 
subgingival curettage, when compared to SRP 
alone, with respect to probing depth reduction, 
attachment level gain, or inflammation reduction 
[135, 136]. One of the limitations of mechani-
cal curettage is the potential for epithelial rem-
nants, such as at the gingival margin or near the 

epithelial attachment, or due to epithelial rete 
extensions. Centty et  al. [137] histologically 
compared periodontal flaps elevated using an 
inverse-beveled incision, extending from the 
free gingival margin to the alveolar crest, with 
the goal of surgically excising the pocket epithe-
lium. The experimental periodontal sites were 
next irradiated using a carbon dioxide laser to 
remove any remaining pocket lining and gingival 
(oral) epithelium. Following the procedure, soft 
tissue biopsies were obtained and submitted for 
histologic examination. The results revealed the 
remnant pocket epithelium on all the specimens. 
The histologic results of available studies, there-
fore, suggest that gingival curettage, regard-
less of procedural method, does not completely 
remove pocket lining epithelium. Moreover, the 
results of clinical studies suggest minimal ben-
efit of subgingival curettage performed with 
lasers either as a monotherapy or adjunctive to 
traditional periodontal therapy. [124]

Lin et  al. [138] compared gingival curettage 
performed with an 810 nm diode laser to curettage 
performed with hand instruments. Significant 
and comparable improvements in clinical mea-
sures were observed following curettage in both 
groups after 4 weeks. Notably, the investigators 
reported that laser curettage required less treat-
ment time and was associated with less treatment 
discomfort than curettage with hand instruments.

Using a primate model, Rossman et al. [139] 
examined whether de-epithelialization with the 
CO2 laser would increase the amount of connec-
tive tissue attachment to root surface. Elastics 
were used to create periodontal defects on the 
maxillary premolars and incisors of cynomol-
gus monkeys. Bilateral open flap debridement 
was performed. On the experimental side, CO2 
laser was used to remove the oral epithelium 
prior to flap replacement. Histologic examination 
revealed a delay in sulcular epithelialization (day 
14 versus day 28, respectively) and a trend to less 
epithelium and more connective tissue attach-
ment after 7 days on the experimental side than 
on the control side. The investigators concluded 
that the CO2 laser may be a useful tool to retard 
epithelium and thereby enhance new connective 
tissue attachment.
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Israel et  al. [140] conducted a pilot study to 
evaluate whether pocket de-epithelialization with 
a CO2 laser at the time of flap surgery and at 
10-day intervals over the first 30 days of healing 
can enhance the formation of a connective tis-
sue attachment. Six mandibular incisors in two 
patients were splinted prior to open flap debride-
ment, when a notch was placed on the roots at the 
height of the crest of the alveolar bone, prior to 
flap closure. The experimental side received de- 
epithelialization of the outer (oral) gingiva with 
the carbon dioxide laser and the inner gingival 
flap. The de-epithelialization was repeated on the 
test side at 10, 20, and 30  days postsurgically. 
Block sections were taken at 90  days and pro-
cessed for histologic analysis. The results showed 
that for both patients, junctional epithelium (JE) 
was formed on both test and control teeth. In all 
control teeth, the JE extended the entire length 
of the root to the base of the reference notch. In 
one patient, on the experimental side, the notch 
was filled with connective tissue and limited new 
cementum [140].

In sum, laser curettage can be performed effi-
ciently with the application of lasers, such as 
diode or CO2, but the supposition of complete 
de- epithelialization of the pocket lining remains 
elusive, and there is a lack of added benefit for 
surgical curettage beyond that attained with SRP.

15.5.3  Surgical Periodontal Therapy

15.5.3.1  Surgical Flap Access 
with Laser Treatment

A limited number of studies combine surgical flap 
access with laser treatment for the treatment of 
periodontitis. The majority of laser therapy clini-
cal trials have focused on the inclusion of laser 
treatment in the nonsurgical management of the 
disease, where laser therapy is an adjunct to non-
surgical instrumentation of the teeth. Testimony 
to this clinical research focus is characterized 
in the comprehensive tabulation of studies in 
a recent review of lasers and the treatment of 
periodontitis [16]. Surgical flaps combined with 
adjunctive laser treatment have been reported for 
Er,Cr: YSGG, CO2, diode, Er:YAG, and Nd:YAG 

lasers. Er:YAG and diode lasers, when used with 
mechanical debridement, have been compared 
to mechanical debridement following access 
flap surgery of 5  mm or deeper pockets. [141–
144]. The studies found comparable or superior 
improvements in clinical outcome measures after 
either 3 or 6 months [142–144] or 6, 12, 24, and 
36  months [141]. Gaspirc and Skaleric [141] 
reported significantly greater improvements in 
clinical attachment level and probing depth after 
flap access plus Er:YAG compared to conven-
tional flap surgery.

Er:YAG studies, some of which also included 
guided tissue regeneration with enamel matrix 
protein, found minor differences favoring the 
laser treatment group when comparing prob-
ing depth reduction and clinical attachment level 
gain. However, the level of evidence is limited 
for the inclusion of laser treatment with regenera-
tive surgical therapy and enamel matrix deriva-
tive, since no significant differences between the 
surgical therapies, with or without the laser treat-
ment, were noted in a meta-analysis. [145] There 
is only one clinical trial with Er,Cr: YSGG laser, 
and the authors concluded that laser treatment 
resulted in significant reductions in probing depth 
and bleeding score but had similar gains in clini-
cal attachment level [16]. Notable was one con-
trolled clinical study with 15-year follow-up after 
coronally advanced flap surgery and CO2 laser 
root treatment. The control group had modified 
Widman flap treatment. Significant reductions in 
probing depth and gains in clinical attachment 
level at initial sites with probing depth of 5 mm or 
greater were maintained over the 15-year period 
[146] providing evidence for maintenance of the 
attained treatment results. Overall, there is modest 
benefit reported for the inclusion of laser treatment 
with periodontal flap surgery for the treatment of 
periodontitis. In a meta-analysis [145] of laser 
application for surgical therapy, the weighted mean 
difference for probing depth was 0.56 mm and that 
of clinical attachment level was 1.34 mm favoring 
the laser treatment with flap surgery. However, this 
report found no statistical differences when com-
paring surgical outcomes with or without laser 
treatment. Thus, the benefit of the application of 
lasers to surgical periodontal therapy is surmised 
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but not clinically recognized in the limited number 
of available studies, reflecting, in part, the hetero-
geneity in study design and methodology.

Several suppositions underlie the rationale 
for incorporating lasers into periodontal surgery 
[16], including some evidence from preclinical 
studies. In addition to root surface decontami-
nation and detoxification, as considered earlier, 
certain lasers and laser protocols are thought to 
contribute to more effective subgingival curet-
tage, targeted and/or overall reduction in subgin-
gival bacteria, reductions in inflammation, and 
rapid wound healing.

15.5.3.2  Regenerative Surgical 
Therapy with Laser 
Treatment

Regenerative therapies are designed to sup-
port regeneration of the attachment apparatus, 
namely, the formation of new bone, cementum, 
and periodontal ligament (Figs. 15.5, 15.6, 15.7, 
15.8, 15.9, 15.10, 15.11, and 15.12). The bio-
logical goal of periodontal regeneration, there-
fore, is restoration of the lost periodontium. 
Conventional surgical approaches, such as open 
flap debridement, heal primarily through repair, 
characterized principally by the formation of a 
long junctional epithelial attachment to the pre-
viously diseased root surface. Repair is healing 

of the periodontal attachment apparatus by tis-
sue, such as junctional epithelium, which does 
not fully restore architecture and function. Long 
junctional epithelium can be produced rapidly 
during wound healing, due to high proliferative 
activity of epithelial cells [148]. Limited evi-
dence of formation of other component tissues, 
such as the bone, has been reported following 
open flap debridement surgery [149].

Contemporary therapeutic approaches to 
periodontal regeneration include bone replace-
ment grafts, guided tissue regeneration (GTR), 
and biologics [150, 151]. These regenerative 
therapies have been used in combination and in 
conjunction with agents to modify and promote 
wound healing [149]. Evidence-based systematic 
reviews and meta-analyses support the efficacy 
of commercially marketed mammalian-derived 
bone grafts, guided tissue regeneration, and bio-
logics for periodontal regeneration, as reflected 
in clinical improvements evidenced by probing 
depth reduction, clinical attachment gain, and 
reentry/radiographic defect fill. Histologic evi-
dence of periodontal regeneration—new bone, 
cementum, and periodontal ligament on a pre-
viously diseased root surface—is available for 
each regenerative therapy. However, the most 
thoroughly and extensively characterized histo-
logic outcome evidence in humans is for alloge-

Fig. 15.5 Pretreatment clinical view of 44-year-old 
Caucasian man with a medical history of multiple drug 
allergies, including antibiotics (penicillin) and sulfa medi-
cations (treatment was provided by PSR). Periodontal 
examination revealed generalized bleeding upon probing 
and periodontal pocketing, with probing depths of 
5–7 mm involving the maxillary molars

Fig. 15.6 The preoperative radiograph is consistent with 
stage III periodontitis, with evidence of calculus deposits 
on the roots. An angular osseous deformity is suggested 
on the distal of tooth # 2; note the close root proximity of 
the molars
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neic demineralized freeze-dried bone [152, 153]. 
Despite the histologic evidence, wound healing 
is characterized by a combination of periodon-
tal regeneration and repair. Consequently, there 
currently exists a need for more robust and cost-
effective regenerative strategies. Considerable 
interest in regenerative periodontics and medi-
cine has focused on emerging technologies, 
including scaffolds and cell-based grafts [154, 
155], biologics [156], and lasers [124].

Fig. 15.7 Clinical presentation after second pass using 
the laser-assisted new attachment procedure with the 
Nd:YAG laser (3.8  W for each pass) prior to occlusal 
adjustment. A modification to postoperative protocol 
management was necessary because of patient concerns 
about his drug allergies; consequently, he was not placed 
on antibiotics, and a botanical rinse (PeriActive, Izun Oral 
Care) was prescribed for infection and plaque control. 
Supportive periodontal maintenance was performed on a 
3-month interval

Fig. 15.8 Clinical presentation 1  year after treatment. 
Highly effective oral hygiene was consistently maintained 
during this period. Note the reduction in gingival volume 
and healthy tissue appearance. Probing depths range from 
2 to 4 mm without bleeding

Fig. 15.9 Radiograph 1 year after treatment suggests osse-
ous fill of the intrabony lesion on the distal of the second 
molar. The crestal lamina dura is well defined elsewhere

Fig. 15.10 Clinical improvements remain stable 5 years 
after treatment, excellent oral hygiene, and regular profes-
sional care

Fig. 15.11 Radiographic findings 5 years after treatment 
are consistent with the clinical findings of periodontal 
stability
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The exploration of laser irradiation for peri-
odontal regeneration has been reported within 
clinical case series and, infrequently, within con-
trolled clinical trials. Nevertheless, histologic 
evidence provides proof of principle that laser 
therapy, particularly the proprietary laser-assisted 
new attachment procedure (LANAP®), supports 
periodontal regeneration, including new bone, 

cementum, and periodontal ligament [140, 147, 
157]. One such case series applied LANAP®, uti-
lizing a Nd:YAG laser, for the surgical manage-
ment of periodontitis and was pivotal in providing 
histologic evidence of periodontal regeneration 
following a laser surgical procedure on teeth 
that were determined to be hopeless in their 
prognoses [147] (Fig. 15.12). Clinical outcomes 

Fig. 15.12 (a) Panoramic histologic view showing bone 
fill and periodontal regeneration of an intrabony defect 9 
months after treatment with laser-assisted new attachment 
procedure (LANAP). The arrow confirms the 9-mm notch 
(base of calculus) measurement from cementoenamel 
junction made at time of surgery. (b) Higher-magnification 
view of box 1 shows inserting Sharpey fibers into the new 
cementum (NC) and presence of cementoblasts. D (den-
tin). (c) Higher-magnification view of box 2 shows supra-
crestal collagen fibers inserting into the new cementum 

(NC) just apical to the junctional epithelium (JEP). The 
layer of new cementum extends to the coronal extent of 
the defect with adjacent new periodontal ligament 
(N-PDL). [Images courtesy of Dr. Marc L. Nevins. 
Reproduced and adapted from M. L. Nevins et al., Human 
clinical and histologic evaluation of laser-assisted new 
attachment procedure. Int J Periodontics and Restorative 
Dent 32: 497-507, 2012; with permission© 2012 By 
Quintessence Publishing Co, Inc. [147])
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reported for this series yielded a mean probing 
depth reduction of 5.4 ± 2.64 mm and mean clini-
cal attachment level gain of 3.8 ± 2.38 mm after 
9 months of follow-up. Another case series incor-
porated the Er:YAG laser into traditional regen-
erative periodontal surgery [158]. In this study, 
nine intrabony defects were surgically debrided 
via curettes and included the adjunctive use of 
the Er:YAG laser to complete degranulation; 
then the Er:YAG laser was applied to the root 
surfaces. After the application of enamel matrix 
derivative and bone graft, the laser was applied to 
establish a coagulated blood clot over the graft. 
At 12 months, the mean defect depth was reduced 
from a baseline of 6 mm to 1 mm, the mean prob-
ing depth was reduced from 6.2 mm to 2.0 mm, 
and the mean clinical attachment level improved 
from 7.5 mm to 3.4 mm [158] at 12 months. An 
assessment of the comparative efficacy of laser 
treatment was not possible in this study.

A meta-analysis of controlled clinical studies 
which included Nd:YAG or Er:YAG laser treat-
ment groups and guided tissue regeneration with 
enamel matrix protein found only minor differ-
ences between the laser and non-laser treatment 
groups when comparing probing depth reduction 
and clinical attachment level gain favoring the laser 
group, weighted mean differences of 0.01 mm and 
0.10 mm, respectively. No significant differences 
between the surgical therapies, with or without the 
laser treatment, were noted in this meta-analysis, 
and the authors concluded the level of evidence 
was limited for the inclusion of laser treatment in 
regenerative surgical therapy. [145]

15.6  Implant Therapy

15.6.1  Peri-implant Mucositis

Nonsurgical mechanical therapy, good oral 
hygiene, and regular professional care are only 
modestly beneficial in treating peri-implant 
mucositis [159]. A growing concern is that peri- 
implant mucositis may not be completely revers-
ible with treatment [160]. Only three laser studies 
were identified in a recent review of laser treat-
ment of peri-implant mucositis [161], and the 

authors conclude there was no evidence of added 
benefit of laser therapy for mucositis. Future clin-
ical trials, therefore, are necessary to evaluate the 
potential benefit of this approach.

15.6.2  Peri-implantitis

15.6.2.1  Nonsurgical Treatment 
Outcomes 
for Peri-implantitis

Application of lasers for the treatment and decon-
tamination of dental implants has been considered 
to improve nonsurgical outcomes and overcome 
the shortcomings of traditional mechanical 
debridement. Inclusion of local delivery of anti-
microbials has not overcome the limitations of the 
surface topography of the infected dental implant 
surface. Two recent systematic reviews explored 
nonsurgical treatment of peri-implantitis with 
lasers. Chambrone et al. [162] focused on antimi-
crobial photodynamic therapy (aPDT) as a treat-
ment modality. Overall, aPDT provides similar 
results to conventional nonsurgical therapy. One 
randomized controlled study, however, reported 
that the adjunctive use of aPDT resulted in about 
a 1 mm greater reduction in mean probing depth 
than debridement alone at implant sites with 
initial probing depth ≥ 4 mm [163]. While clini-
cal improvement occurs following aPDT, when 
compared to scaling alone, it was concluded that 
no additional benefit was manifest. The authors 
noted that additional conclusions were not possi-
ble due to the restricted base of evidence for some 
treatment approaches and conditions [162].

Significant improvement in attachment 
level can occur when aPDT is combined with 
mechanical scaling, but probing depths, bleed-
ing, and plaque levels did not reach significance 
in a network meta-analysis [164]. A network 
meta- analysis was conducted to compare across 
interventions, namely, a comparison of photo-
dynamic therapy with mechanical debridement 
to local drug delivery with mechanical debride-
ment, since no direct comparisons are available 
in existing clinical trials. The analysis allowed 
for indirect comparisons of pooled existing stud-
ies where no direct comparison was available by 
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study treatment groups using common outcome 
measures: probing depth, clinical attachment 
level, bleeding, and plaque scores. The quality 
of the evidence was still considered low in this 
reported network analysis, concordant with the 
conclusions of Chambrone et  al. [124] in their 
report on the best-evidence consensus [164].

Nonsurgical adjunctive use of laser irradiation 
for the treatment of peri-implantitis with diode 
or erbium lasers results in a significant reduction 
in bleeding on probing [161] when compared to 
non-laser treatment. However, given the lack of 
long-term clinical studies for this comparison, 
the bleeding reduction should be considered short 
term (a year or less). Even with long-term follow-
up, it can be difficult to discern treatment effects 
from other factors, such as level of oral hygiene. 
Furthermore, no statistical difference relative to 
probing depth reduction was attained for meta-
analysis of adjunctive use of lasers when treat-
ing peri-implantitis. Of note, in the same review 
and meta-analysis, a significant but slight mean 
bone level loss with nonsurgical laser treatment 
was reported [161]. Thus, other than bleeding on 
probing and mean bone level,  adjunctive nonsur-
gical laser treatment results in a nonsignificant 
change in the clinical outcomes of probing depth, 
plaque levels, and recession relative to the net 
changes of mechanical debridement alone.

15.6.2.2  Surgical Treatment 
Outcomes 
for Peri-implantitis

The surgical treatment of peri-implantitis has 
shown potential for clinical benefit; however, the 
predictability of treatment approaches remains 
unclear [165]. In a meta-analysis of nonsurgi-
cal and surgical treatment, it was concluded that 
regenerative surgical treatment of peri- implantitis 
was most effective when compared to nonsurgical 
and resective surgical techniques [166]. Recent 
comparative summative reviews have not included 
the evaluation of laser surgery as a modality for 
peri-implantitis treatment.

Early application of laser therapy by Romanos 
et  al. [167] reported that decontamination of 
implant surfaces with a CO2 laser, in combina-
tion with augmentative techniques, was effective 

for establishing radiographic bone fill. The CO2 
laser did not harm the implant surface and pre-
sumptively aided in clot formation. Interestingly, 
a surgical flap was elevated and then the implant 
surface laser treated in this report. As such, there 
are currently no controlled clinical trials with 
the use of lasers as a monotherapy [161]. In a 
best- evidence review of laser therapy for peri- 
implantitis [161], nine studies were identified 
with lasers as a surgical intervention. Analysis of 
only Er:YAG, CO2, and diode lasers was possible 
since no controlled studies were available for 
other laser types. When compared with debride-
ment by hand with curettes and antiseptics in 
combination with a surgical flap access, the 
addition of laser treatment showed only minimal 
to no benefit in reduction of probing depth and 
bleeding on probing or gain in clinical attach-
ment level. Meta-analysis of long-term (greater 
than 48  months) outcomes following surgical 
treatment, with and without the addition of laser 
treatment, yielded weighted mean differences 
of 7.26% for bleeding on probing reduction, 
0.22 mm for clinical attachment level gain, and 
0.45 mm of probing depth reduction.

Although minimal additive benefit may be real-
ized with the addition of laser treatment to surgical 
treatment of peri-implantitis, in a report that fac-
tored analysis of cost-effectiveness of combinations 
of therapy for peri-implantitis into the assessment 
of varied treatment modalities, it was concluded 
the most effective treatment combination includes 
bone grafts, barrier, and laser treatment [168].

The incorporation of lasers remains an effective 
application for peri-implantitis treatment, including 
regenerative therapies (Figs.  15.13,  15.14,  15.15, 
15.16, 15.17, and 15.18). Systematic reviews indi-
cate that although peri-implantitis treatments can 
produce successful outcomes, no strong evidence 
is available to suggest the most effective treat-
ment intervention [7]. A more recent case series 
[169] utilized an Er:YAG laser for implant surface 
and defect debridement of the granulomatous 
tissue prior to grafting the peri- implant defects. 
Probing depths of 6 mm or greater were reduced 
on average to 3.5 mm and presented with radio-
graphic defect fill 1  year following treatment. 
Unfortunately, this report did not have standard-
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Fig. 15.15 The dental implants can be seen after the sec-
ond pass using the laser-assisted peri-implantitis proce-
dure with the Nd:YAG laser (3.8  W for each pass). 
Postoperative management included amoxicillin 
(500 mg t.i.d.) for 1 week and a botanical rinse twice daily 
(PeriActive, Izun Pharma) for 2 weeks

Fig. 15.16 Buccal view of the implants 6 weeks follow-
ing the laser treatment. Note the significant clinical reso-
lution of inflammation, with minimal soft tissue recession. 
Bleeding on light probing is absent

Fig. 15.17 Buccal view of the implants 1 year following 
the laser treatment. Initial improvements in soft tissue 
appearance remain stable. Supportive maintenance care 
was performed on a 3-month interval

Fig. 15.18 Radiographic appearance at 1 year suggests 
no change in crestal bone levels or possible improvement 
(distal of implant #15)

Fig. 15.14 Pretreatment radiograph suggests early to mod-
erate bone loss around the dental implants. A gap appears in 
the crown-abutment interface of the posterior implant

Fig. 15.13 Pretreatment clinical presentation of a 
59-year-old Caucasian man (treatment was provided by 
PSR). Medical history includes cigarette smoking 
(approximately one pack of cigarettes per day) and arthri-
tis. Dental implants were placed in another office 7 years 
prior, with cemented restorations. Purulence and bleeding 
upon probing are present. Significant swelling and ery-
thema of the soft tissues are evident posteriorly
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ized repeatable measurements or a control group 
to ascertain the impact of laser versus curettes 
for bone debridement. Currently, in the absence 
of histologic data, the effect of lasers on the 
re-osseointegration of dental implants remains  
unclear.

15.7  Patient Preferences

Patient preferences in treatment decisions are 
an important consideration in the overall assess-
ment of laser therapies, especially given the fac-
tors commonly influencing treatment selection, 
such as cost, convenience, comfort, and clinical 
outcomes, among others. Laser therapies often 
achieve clinical improvements comparable to 
conventional periodontal/peri-implant treatment, 
as reviewed earlier, and can be associated with 
less discomfort and pain [170, 171]. The adop-
tion of lasers into clinical practice continues to 
rapidly increase, and practitioners incorporating 
lasers into clinical care continue to report high 
levels of satisfaction [171]. Patient preferences, 
therefore, must be taken into consideration when 
reviewing treatment options.

15.8  Conclusions

Lasers have the capacity to stimulate cellu-
lar activity, reduce inflammation, and promote 
wound healing. Surgical treatment with lasers 
is generally associated with less pain than con-
ventional therapy. Lasers have been shown to 
provide an effective and safe alternative to con-
ventional therapeutic approaches for biofilm dis-
ruption and calculus removal. Laser treatment as 
a monotherapy or adjunct to conventional ther-
apy has been generally associated with improve-
ments in clinical attachment level and probing 
depth comparable or marginally superior to 
conventional therapy. Nevertheless, systematic 
reviews conclude that clinical outcomes of laser 
treatment are similar or slightly better than ref-
erence nonsurgical or surgical therapies; how-
ever, any differential benefits remain short term. 
Moreover, there is limited human histologic 

evidence that is consistent with the potential for 
periodontal regeneration following laser-assisted 
therapy in patients with moderate to severe peri-
odontitis. The ability of lasers to interact with 
the periodontium and surrounding peri-implant 
tissues warrants the continued development and 
evaluation of laser treatment protocols that cap-
ture the cellular, biochemical, and molecular 
potential of laser energy.
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16.1  Periodontal Disease: Causes 
and Effects

Periodontitis is a common inflammatory infec-
tious disease with high prevalence to periodon-
tal complexes [1]. The periodontal disease or the 
destruction of periodontal constructs is generally 
caused by bacteria and their products like lipo-
polysaccharides (LPS), which physiologically 
activate osteoclastogenesis or differentiate osteo-
clastic cells [2]. Periodontal diseases or traumatic 
injuries can particularly lead to destruction of 
tooth-supportive structures such as alveolar bone 
and periodontal ligaments (PDLs) and loss of 
teeth [3]. Over 40% of over 30-year-old adults in 
the USA have periodontal disease, and approxi-
mately 7% possess the most severe form [4, 5]. 
Moreover, periodontal disease is suspected as a 
risk cofactor in systematic diseases [6].

16.2  Anatomy of Periodontal 
Tissue Complexes 
with Systematic Functions

The periodontium is composed of four different 
tissues (Fig.  16.1): gingiva, cementum (miner-
alized layer on the root surface), PDL (micron- 
scaled space with perivasculature and Sharpey’s 
fibers), and alveolar bone (mineralized tissue to 

support tooth structures). The PDL is a fibrous 
connective tissue bundle containing a hetero-
geneous cell population and obliquely/perpen-
dicularly oriented to the tooth-root surface with 
structural integration between the bone sur-
face and cementum to generate biomechanical 
responses against mastication or occlusion. As 
shown in Fig. 16.1, the periodontal ligament of a 
single-rooted tooth is subdivided into four differ-
ent groups in order to resist vertical and intrusive 
forces: the alveolar crest (radiated bundles), hori-
zontal (perpendicularly oriented bundles), oblique 
(obliquely oriented bundles coronally attached 
to the bone), and apical PDL (radiated bundles) 
groups (Fig. 16.1). This ligamentous tissue has a 
spatial angular organization and high vascularity 
that provide a nutritive function for the periodon-
tium. For the tissue anchorage, Sharpey’s fibers 
associated with the PDL interface facilitate to 
insert ligamentous bundles to the mineralized sur-
face for biomechanical responsiveness.

16.3  Traditional Strategies 
for the Periodontal 
Regeneration Procedure

Conventional therapeutic strategies for peri-
odontal tissues have been mainly focused to 
eliminate periodontitis-associated bacteria and 
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Fig. 16.1 Schematic 
illustration of 
periodontal tissue 
complex and periodontal 
ligament (PDL) fiber 
arrangements between 
the tooth and the 
alveolar bone. Adapted 
from Park et al. J Dent 
Res 2014;93(12):1304–
1312 with permission of 
SAGE Publications [7]

Y.-D. Cho et al.



261

biofilm which can induce periodontitis or gin-
givitis. Such procedures include scaling and 
root planing and respective surgery or bone 
regenerative surgery in combination with guid-
ing tissue members or biologics. Although non-
surgical or surgical periodontal therapies have 
been developed for periodontal tissue regenera-
tion after periodontal destruction by diseases 
or traumatic injuries, it is still challenging to 
encourage multiple tissue (cementum-PDL-
alveolar bone) and structural integration of 
regenerated complexes within micron-scaled 
interfaces [3, 8]. Traditional strategies are rela-
tively unpredictable and uncontrollable to spa-
tiotemporally organize and compartmentalize 
periodontia with micron- scaled interfaces as 
well as orientations of PDLs [8]. In particu-
lar, because angular coordination of PDLs in 
specifically categorized regions (Fig.  16.1) is 
critical for functionalization of nascent tooth-
supportive constructs, 3D micro- architecture 
designs using biopolymeric materials for scaf-
folding systems have been recently developed 
to control perpendicular or oblique organiza-
tions of PDLs using the 3D printing technology 
to created micro-patterned structures [9–11] 
including the freeze-casting method to control 
longitudinal pore angulations [7].

16.4  Biomaterial-Based 
Approaches for Periodontal 
Tissue Regeneration

Research on periodontal tissue regeneration such 
as guided tissue regeneration (GTR) and guided 
bone regeneration (GBR) is still ongoing with 
significant evidence at the preclinical and clinical 
studies. The primary goal of periodontal tissue 
regeneration is to remove the inflammatory factor 
or infection source and then to provide a space by 
which neighboring cells can grow and regenerate 
the new cementum, PDL, and alveolar bone [12]. 
To achieve the periodontal regeneration, various 
types of biomaterials have been developed and 
applied in the clinical field. Biomaterials used 
in periodontal tissue regeneration are divided 
by two main categories: biodegradable and 
nonbiodegradable the biodegradable materials 
are also subdivided according to their compo-
nents—natural and synthetic polymeric materi-
als—and nonbiodegradable materials include 
metallic and polymeric materials (Table  16.1). 
GTR and GBR are representative dental regen-
erative therapies, and barrier membranes and/
or bone graft materials are essential for the pro-
cedure. Nonbiodegradable membranes have 
developed at first. Despite advantages with their 

Table 16.1 The uses of biodegradable and nonbiodegradable biomaterials for guided tissue and bone regeneration

Type Material Property Periodontal application (References)
Nonbiodegradable Metallic Titanium 

mesh
Corrosion resistance, high 
strength-to-weight ratio, and 
biocompatibility

Alveolar ridge augmentation 
[12–14]

Polymeric e-PTFE Good space maintainer; 
relatively stiff; handling

Bone augmentation and GBR [15, 
16]

d-PTFE Less than 0.3 μm pores as a 
barrier

GBR [17, 18]

Biodegradable Natural Collagen High biocompatibility, rapid 
biodegradability, and no 
antigenicity

Collagen-based barrier membranes 
for periodontal regeneration and 
implant therapy [19–23]

Synthetic PLA Hydrophilicity and relatively 
rapid hydrolysis

Ridge or socket preservation [24]

PLGA Control of hydrolysis rates with 
the ratio of PLA and PGA

Socket preservation [25]
Scaffold for tissue regeneration [26, 
27]

PCL Hydrophobicity and slow 
hydrolysis

Tissue engineering [28, 29]
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solidity and formability to maintain the space for 
ingrowth of cells, unfavorable risks such as inter-
ruption of healing process, structural collapse of 
newly formed tissues, and alveolar bone resorp-
tion caused by exposure of membrane, gingival 
flap elevation, and removal of membrane have 
changed the attention to the biodegradable mem-
branes to prevent these problems [30–32].

16.4.1  Nonbiodegradable Materials 
in Periodontal Tissue 
Regeneration

Most nonbiodegradable materials for periodon-
tal tissue regeneration contribute as 2D barrier 
membranes to prevention of epithelial down-
growth, preservation of bone crest structures, 
or spatial secure for volumetric bone formation 
around defects after tooth extractions. Metallic 
materials such as titanium and polymers as 
expanded polytetrafluoroethylene (e-PTFE) or 
dense polytetrafluoroethylene (d-PTFE) are typi-
cal nonbiodegradable materials for preclinical 
and clinical applications in periodontal tissue 
engineering.

16.4.1.1  Titanium or Titanium Alloy
Typically, titanium (Ti) alloy is a widely used 
metallic material with its excellent mechani-
cal, chemical, and biological properties, corro-
sion resistance, high strength-to-weight ratio, 
and  biocompatibility [33] even though the pure 
Ti material is relatively softer for dental implant 
applications [34]. In particular, Ti alloy with 
specific surface modifications has the prominent 
osseointegration properties. Therefore, Ti alloy 
has been used as an implantable medical device 
and for tooth replacement dental implants since 
the 1960s. In addition to dental replacements, 
biocompatible Ti-membrane (or Ti-mesh) is also 
developed as a barrier membrane for preven-
tion of downgrowth of epithelia into defects and 
preservation of alveolar bone ridges after tooth 
removal and prior to dental implant installation 
[15]. In the preclinical study, mechanical advan-
tages enabled Ti-based products to show great 
bone regeneration and maturity [15], and it was 

well maintained if early exposure does not occur 
in the clinical application [18, 35, 36]. Her et al. 
showed substantial bone augmentation using 
Ti-membrane in conjunction with bone grafting 
[17], and Chan et  al. reported successful out-
comes with Ti-mesh and particulate allograft in 
the vertical augmentation [20].

16.4.1.2  Polytetrafluoroethylene 
(PTFE)

Biologically inert and chemically stable PTFE 
has two major types: e-PTFE as a gold stan-
dard for vertical/horizontal GBR treatments and 
d-PTFE with low porosity but high mechanical/
biological stabilities [37]. The non-resorbable 
membrane generally has two different sides: an 
open microstructure which is suitable for colla-
gen fiber attachment with blood clot formation 
for the stabilization of the membrane placement 
and an occlusive part which prevents the ingrowth 
of epithelial cells and tissues [22]. Although the 
longest clinical experience with e-PTFE has 
proven the success of bone regeneration from 
stable space maintenance and easy handling [22, 
38, 39], the porous structures of e-PTFE can 
allow the adhesion of bacteria or biologics on the 
membrane surface, bacterial biofilm formation, 
and severe infection by the membrane exposure 
in the oral environment [37]. Therefore, d-PTFE 
as alternative of e-PTFE is also featured because 
of a high density and small pore size that protects 
the grafting materials from oral contamination 
[19, 23] and easy clinical manageability [37].

16.4.2  Biodegradable Materials 
in Periodontal Tissue 
Regeneration

Biodegradability of implantable biomaterials 
depends on the hydrolysis in individual polymers 
including the enzymatic degradation process 
as the catalysis in physiological environments 
[40]. In particular, biopolymeric materials criti-
cally categorize as natural or synthetic materi-
als [40] and clinically applicable biodegradable 
materials in periodontal tissue engineering are 
relatively limited such as collagen material as the 
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natural and poly (lactide-co-glycolide) (PLGA), 
poly(lactic acid) (PLA), poly(glycolic acid) 
(PGA), and poly(ε-caprolactone) (PCL) as the 
synthetic [3].

16.4.2.1  Natural Materials: Collagen 
and Gelatin

Of the diverse structural components that com-
prise periodontal complexes, type I collagen 
is the major in periodontal connective tissues 
and mineralized structures. Due to proteins and 
biologics in the collagen structures, collagens 
strongly contribute for wound healing and vari-
ous tissue formations with tissue maturation to 
restore their functions [41, 42]. Moreover, high 
biocompatibility, rapid biodegradability, and 
no antigenicity are the key properties to gener-
ate appropriate cell responses like proliferation, 
differentiation, or apoptosis for target tissue 
regenerations [21, 43]. In particular, type I col-
lagen as a major organic component of the bone 
is commonly used as collagen-derived mem-
branes from different sources such as bovine or 
porcine [43]. In general, highly porous collagen 
scaffolds could have the volumetric shrinkage by 
cell- mediated contraction, and tissue infiltration 
into the collagen construct could be difficult [44, 
45]. To prevent unpredictable volume changes 
and improve the mechanical properties of micro-/
macro-architectures, various cross-linking treat-
ments with biocompatibility are investigated for 
the development of biodegradable membranes for 
alveolar bone regeneration [46]. In particular, the 
treatments can manage biodegradation rates in 
physiological environments, cell-material inter-
action by biologics in membranes, or mechanical 
improvements [45].

Many studies evaluating GTR using colla-
gen membranes in intrabony defect have shown 
the greater reduction of periodontal probing 
depth, increases in clinical attachment gain, and 
bone regeneration than open flap debridement 
(OFD) [43]. Many trials have been performed to 
enhance the regenerative potential by combining 
with bone graft materials to strengthen the space 
maintenance and provide osteo-conductive or 
inductive capacity [47, 48]. Although the colla-
gen has many great advantages in biological and 

physiological aspects for tissue regenerations, it 
is limited to manufacture of micron-scaled con-
structs with sufficient mechanical properties for 
periodontal complex regeneration and anatomi-
cally adaptable architectures using 3D printing 
systems.

16.4.2.2  Synthetic Materials: PLGA, 
PLA, and PCL

Different biopolymer-based scaffolding systems 
have been developed to facilitate tissue regen-
eration with different biologics, but the temporal 
control of tissue regeneration rates and spatial 
provisions for tissue infiltration and periodontal 
compartmentalization to damaged tissue sites 
are still challenging with conventional scaffold-
ing systems [3]. Therefore, 3D printing strategy 
can be one promising approach to promote mul-
tiple tissue formations securing specific dimen-
sion for individual tissues and their functioning 
restorations with structural systemic integrations 
in specific characterized architectures [8, 49]. In 
particular, periodontal tissues have the compli-
cated spatial geometry with specific functions to 
support the teeth under mastication or occlusion 
[49], so spatial compartmentalization and provi-
sion are critical to optimize tissue regeneration 
with functioning restorations.

Polylactide (or polylactic acid; PLA) is a bio-
degradable polyester with the stereocomplex-
ation between poly (l-lactic acid) (PLLA) and 
poly (d-lactic acid) (PDLA) [50]. It has excel-
lent mechanical and thermal properties with 
significant hydrophilicity without any chemical 
or physical treatments of material surfaces [51, 
52]. In dental applications, PLA is utilized as a 
tooth- extraction socket filler (or space filler) for 
the ridge preservation and bone regeneration 
with dimensional maintenance [53]. PLA has 
the relatively slower hydrolytic degradation rate 
than polyglycolide (or polyglycolic acid; PGA), 
which has the rapid biodegradability by hydro-
lytic and enzymatic degradation in physiologi-
cal conditions. However, acidic products from 
rapidly  biodegraded PGA can significantly have 
the acute inflammatory reactions [54], so poly 
(lactide-co- glycolide) (PLGA) is investigated 
as a resorbable polymer which is derived from 
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a random copolymerization of PLA and PGA 
with certain ratios (PLA/PGA) [27]. In particu-
lar, depending on the ratio, engineered PLGA can 
control degradation rates and regulate to produce 
acidic environments [27]. Moreover, PLGA has a 
great cellular affinity such as adhesion and prolif-
eration; therefore, it is widely used in the medi-
cal or dental application such as the scaffolds for 
drug delivery [55–58]. Of the various biopoly-
mer-based materials considered for biomedical 
applications, poly(ε- caprolactone) (PCL) is an 
aliphatic polyester which has good solubility to 
organic solvents, is nontoxic, and has low melt-
ing temperature (55–65 °C) [40, 59]. In addition, 
the ductility in physical or mechanical properties 
can provide the high fracture resistance and the 
processing of PCL- based products to improve 
adaptation to defects during surgery [60, 61]. 
Due to the high biocompatibility and the slower 
degradability (or hydrolysis) as compared to other 
biopolymers, PCL is more widely used for long-
term implantable devices like controlled-release 
systems and cardiovascular, nerve, bone, or tra-
cheal tissue regenerative procedures [61, 62]. In 
particular, PCL has been clinically approved by 
the US Food and Drug Administration (US FDA) 
for humanitarian indications (i.e., selective laser 
sintering (SLS) periodontal scaffolds or tracheal 
splints) in clinical situations [63–65].

16.5  3D Printable Biopolymeric 
Materials for Periodontal 
Complex Regeneration

Different biologics could accelerate the for-
mation and maturation of mineralized tissues 
around the teeth or dental implants, but excessive 
bone formations could also induce the ankylo-
sis or bone fusion to tooth-root surface exclud-
ing periodontal ligaments (PDLs) which play a 
critical role to generate biomechanical responses 
against mastication or occlusion. In the results, it 
could make a damage to the teeth or supportive 
bone structures after masticatory stimulations. 
Therefore, it is significantly required to preserve 
spatially compartmentalized regions to generate 
individual tissue formations like PDL, alveolar 

bone, and cementum as well as design architec-
tural interconnectivity for tissue integrations for 
functioning restorations [66]. Of technologies, 
3D printing technique has been recently high-
lighted to consequently overcome the limitations 
[3, 49, 67].

Prior to designing and manufacturing scaf-
folds for periodontal tissue regeneration by 
material- direct printing systems, the properties of 
biomaterials could be important to manufacture 
micron-scaled features with complicated interiors 
of scaffolds to guide regeneration of periodontal 
complexes [70]. In the aspect of biocompatibility 
or biological responsiveness, natural materials 
or collagen-based biomaterials have significant 
advantages compared with synthetic polymers. 
However, it is quite difficult to have adjustments 
of mechanical properties to target tissues like the 
bone as well as preserve their bioactivity during 
manufacturing of 3D features [70]. Recently, 
decellularized matrices have been studied and 
investigated as bioink materials for the bioprint-
ing in musculoskeletal tissue engineering and 
regenerative medicine [71, 72]. However, due to 
the easy fabrication with more predictable prop-
erties, synthetic polymer materials have been 
widely utilized with different manufacturing sys-
tems: selective laser sintering (SLS) and fused 
deposition modeling (FDM) or periodontal tissue 
engineering [73, 74]. In addition, 3D wax printer 
can manufacture material- casting wax molds 
with diverse sophisticated architectures, and it 
is more beneficial to select various materials for 
biological scaffolding systems [73, 74].

PLGA and PCA have been applied as some of 
the most common polymeric materials for GTR 
and GBR membranes as a barrier to prevent gin-
gival tissue invasion and collapse into the bony 
defect sites [75]. The materials can be rapidly 
degraded by physiological immune responses and 
subsequent acidic products. However, because 
of their brittleness, it is more  advantageous to 
create PLGA, PLA, or PGA membranes rather 
than 3D constructs, which are more challenging 
to fabricate. Recently, PCL biopolymer has been 
commonly utilized because it is ductile and eas-
ily post-fabricated before transplantations, even 
though it has slower biodegradation rates than 
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PLGA and PLA.  In particular, bone scaffolds 
were manufactured by fused deposition modeling 
(FDM) using PCL and assembled to electrospun 
PCL membrane for PDL cell sheets for peri-
odontal complex neogenesis [76] (Table  16.2). 
Lee et al. investigated the multiphasic scaffold to 
design microchannels using FDM for cementum, 
PDL, and alveolar bone with different dimen-
sions: 100 μm, 600 μm, and 300 μm, respectively 
[68] (Table  16.2). The three different phases 
could contribute to tissue compartmentalization 
within micron-scaled interfaces as well as peri-
odontal tissue regenerations [68].

16.5.1  3D Printing Architectures 
for Preclinical Periodontal 
Complex Regeneration

For preclinical studies, Park et  al. investigated 
PCL-based scaffolding system to guide periodon-
tal tissue regeneration like PDL, alveolar bone, 
and limited cementum in the rodent fenestration 
defect model [66, 69] (Table 16.2). After surgi-
cal creation of periodontal defects with denuded 
tooth-root surface and exposed dentinal tubules, 
cadaveric defects were scanned using micro-
computed tomography (micro-CT) to generate 
the medical image dataset. Based on the image 
data, defect-adaptable scaffolds were designed by 
computer-aided design (CAD) program, and the 
3D wax printer manufactured wax molds to cast 
25% PCL solution. In particular, it is significantly 
advantageous that 3D-printed wax molds could 
allow casting of various polymeric materials in 
selective solvents like acetone, 1,4-dioxane, or 

chloroform. At this point, because sacrificial wax 
materials have different solubility to solvents, 
the wax molds should be carefully designed with 
casting polymer solutions [69].

After transplantations of scaffolds in pre-
clinical models, different tissues (bone-PDL- 
cementum) could be formed with spatial 
compartmentalization and their integrations in 
a single scaffold architecture [69]. Interestingly, 
ligamentous tissues were specifically aligned 
with orientation similarity to native PDL struc-
tures. Despite the limited formation, mineralized 
layers could be found on denuded tooth-root den-
tin surfaces and adjacent to regenerated PDLs 
[66, 69]. To validate PDL integrations to the 
teeth with cementum-like tissues, functioning 
restorations of PDLs were investigated with peri-
ostin expressions, and 3D-printed, fiber-guiding 
scaffolds could promote periodontal complex 
formation with multiple tissue types such as 
bone, PDL, and cementum [69]. Therefore, the 
3D printing strategy for periodontal tissue engi-
neering facilitated to regulate micron-scaled peri-
odontal tissue formations and lead to functioning 
integrations. Based on the design for periodontal 
regeneration, 3D customized fiber-guiding scaf-
folds were recently developed with geometric 
adaptation to the one-wall defect using the canine 
model (Fig. 16.2).

After designing and manufacturing PCL scaf-
folds using a 3D wax printer and the solvent 
casting method, PCL scaffolds were examined 
for adaptations to tooth-root structures using the 
3D-printed models and quantitatively analyzed 
(Fig.  16.2) [9]. For the adaptation analysis, the 
gap distance (dgap) between individual PDL archi-

Table 16.2 3D printing systems categorized by resolutions and accuracy for periodontal engineering applications

3D printing 
systems Applicable biomaterials

Resolutions and 
accuracy Applications in periodontal engineering

Fused deposition 
modeling (FDM)

PCL Low resolution
Low accuracy

–  Multiple dimensions of microchannels for 
periodontal complex formation [68]

3D wax printing Paraffin materials to cast 
biopolymers (PCL, PLGA, 
PGA, etc.)

High resolution
High accuracy

–  Rat fenestration defect model with 
geometric adaptation to surgically created 
periodontal defects [69]

–  PDL scaffolds to control angular 
orientations [9]

Selective laser 
sintering (SLS)

PCL Low resolution
High accuracy

–  First clinical trials for PDL and bone 
regeneration [64]
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tecture and modeled toot-root surface was mea-
sured (Fig. 16.3). Using the histogram from the 
micro-CT image datasets, the adaptation ratio 
could be calculated with dgap and the length of 
PDL (200 μm < length of PDL (dPDL) < 300 μm; 
Fig. 16.3).

In addition, the use of a 3D wax printer would 
generate predictable surface errors called stair- 
stepping errors with programed intervals which 
were controlled by the slicing step before the 
3D printing. By positioning designed PDL scaf-

folds with three different angles, different micro-
groove patterns on PDL architecture surfaces 
could be created with predictably controlled 
pattern intervals. In results, micron-scaled sur-
face topography played a critical role to regulate 
PDL angulations, and specific intervals could 
make more predictable angular organizations of 
ligaments (Fig. 16.4). In general, surface patterns 
could be represented as the manufacturing arti-
facts, and people remove them to have smooth 
surface features. However, Park et  al. reinter-

a b c e

f

d

Fig. 16.2 (a) The one-wall defect model of a harvested 
canine mandible was surgically scanned using micro-CT to 
generate the 3D digital image dataset. Using the reverse-
engineering technology, (b, c) the fiber-guiding scaffold for 
PDL and bone regeneration compartments was designed 

and (d, e) manufactured a PCL scaffold. (f) The periodontal 
defect prototype was manufactured using the 3D printer. 
Adapted from Park et  al. Int J Mol Sci 2017;18(9):1927 
with permission of MDPI under CC BY 4.0 [9]
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Fig. 16.3 PDL structures of the scaffold were created 
with perpendicular directionalities with geometrical adap-
tations to the tooth-root surface. Every analysis was per-
formed with micro-computed tomography (micro-CT) 
with 2D coronal (a) and sagittal section images (b–d, f, g, 
i, j). (e) The gap distance (dgap) between individual PDL 

architecture and root surface was measured, and the high 
adaptation ratio (88.30% ± 14.89) was calculated. Scaffold 
adaptability was measured and calculated using the 
grayscale- based histograms from the part of tooth-root (h, 
k). Adapted from Park et al. Int J Mol Sci 2017;18(9):1927 
with permission of MDPI under CC BY 4.0 [9]
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preted the artifacts as the microgroove patterns to 
angularly control ligament cells and tissues with 
high populations for 3 weeks in vitro [9].

16.5.2  3D Printing Architectures 
for Clinical Periodontal 
Complex Regeneration

For periodontal tissue regeneration, the first 
clinical report using the SLS system to manu-
facture the periodontal scaffolds addressed 
that the approach facilitated to design and 
manufacture complicated, unpredictable geom-
etries with micron-scaled architecture dimen-
sions. Following the flowchart, the customized 

fiber- guiding scaffolds were manufactured 
by 3D printing system (SLS) and clinically 
transplanted the construct to the labial defect 
(Fig. 16.5) [66].

After the cone-beam CT scan of the patient 
periodontal defect, digitized 3D image datas-
ets were utilized to create fiber-guiding scaf-
folds (Fig.  16.6), and the SLS manufactured 
PCL constructs with high adaptability to the 
defect (adaptation ratio: 82  ±  7%) [64]. The 
SLS-manufactured PCL scaffold covered the 
destructive labial defect region and was secured 
with biodegradable screws. Scaffold transplanta-
tion site had no clinical signs like acute/chronic 
inflammation, infectious symptoms, and dehis-
cence for 12 months [64].
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Fig. 16.4 SEM images demonstrated the parallel 
microgroove patterns to PDL architectures of the fiber-
guiding scaffold with geometric adaptation to periodon-

tal one- wall defect. Adapted from Park et al. Int J Mol 
Sci 2017;18(9):1927 with permission of MDPI under 
CC BY 4.0 [9]

Fig. 16.5 (a, b) The high magnification images of PDL 
architectures to show the microgroove patterns on the sur-
face. The patterns could provide the key micro-structures 
to guide PDL cells and tissues with perpendicular angula-
tions to the tooth-root surfaces. (c) The microgroove pat-

tern intervals were quantitatively analyzed and the 3D 
printing system could predictably and accurately create 
25.40  mm-intervals of microgroove patterns the PDL-
guidable architectures

16 Spatiotemporal Controls of Tooth-Supportive Structure Neogenesis by 3D Printing Technology



268

16.6  Future Prospects for the Use 
of Novel 3D Scaffolding 
Technologies for Periodontal 
Regenerative Medicine

This chapter highlights the many advances ongo-
ing in periodontal regenerative medicine for the 
development of more predictable clinical thera-
pies. Biomaterials that can be better controlled 
for biomechanical, defect adaptation and biore-
sorption characteristics will have many greater 
applications in the clinical arena. These new 
designs will allow more rapid chairside, intraop-
erative applications by 3D printing of scaffold 
constructs to periodontal defects. Further, the 
use of combination therapies (cells, genes, and/
or biologics) with these new materials will make 
for more bioactive constructs that can improve 
regenerative outcomes. The use of 3D bioprint-
ing can serve to immobilize these reparative 
entities onto material surfaces to aid in the better 
programming of cells for the promotion of new 
tissue formation.
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