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Abstract

An initial shift in our understanding of the basis of periodontal disease occurred early in the 2000s.
The host response, rather than the bacterial burden, was the principal determinant of the disease.
Microbial dysbiosis that occurs in periodontal disease results from a hyperinflammatory state in
the host. A second shift in periodontal disease is taking place. This time in the realm of treatment
strategies. Rather than targeting antimicrobials or inhibitors of individual inflammatory mediators,
preclinical studies support using resolution pharmacology to convert the pro-inflammatory
condition into a non-inflammatory one, thereby resolving both the local and systemic
inflammation associated with periodontal disease. Here, | describe the bases for these shifts in
paradigms.
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1| FROM AN INFECTIOUS TO AN INFLAMMATORY DISEASE PARADIGM

Prior to the early 2000s, periodontal disease was considered an infectious disease.
Exogenous pathogens, such as Porphyromonas gingivalis, Tannerella forsythia, and
Treponema denticola, were thought to cause the disease. Beginning in the late 1980s, studies
of inflammatory markers suggested a role for the host response in disease pathogenesis
(Figure 1). In a study of children and adults with periodontal disease, prostaglandin E;
(PGEy)) in gingival crevicular fluid (GCF) correlated with disease severity. Additionally,
children had higher levels of inflammation than did adults.> A subsequent study showed that
gingival crevicular fluid PGE; concentrations were predictive of disease severity, which was
measured as periodontal attachment loss.? Indeed, patients with GCF-PGE, concentrations
>2 standard deviations above those of healthy individuals were 47 times more likely to have
periodontal attachment loss.

Ultimately, a new paradigm in understanding the genesis of periodontal disease emerged.
Although periodontal disease is associated with increased gingival pathogens, the biological
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basis for the disease is not infectious, but rather the result of uncontrolled, chronic
inflammation. Earlier interpretations that a defective immune response allowed overgrowth
of pathogens were replaced by data demonstrating that a hyperinflammatory response
characterized the pathogenesis of disease (Figure 1).34 Offenbacher and colleagues focused
on the role of PGE; in tissue destruction, and Van Dyke and colleagues focused on the
hyperresponsiveness of neutrophils in patients with periodontitis. Both groups proposed that
the host response, rather than the bacterial burden, was the principal determinant of the
disease. This represented a fundamental shift in understanding periodontal disease, a shift
away from thinking of the disease from a purely infectious disease paradigm to an
inflammatory disease paradigm.

INFLAMMATION, THE DRIVING FORCE OF BIOFILM DYSBIOSIS

Many of the studies of the microbiology of periodontal disease were cross-sectional
population studies, which showed associations of bacteria with disease, but could not
determine cause and effect. Some animal studies indicated that periodontal disease is driven
by a “keystone” pathogen.>:6 However, a longitudinal study of people as they developed
periodontal disease showed that the microbial dysbiosis occurred after disease developed.’
Animal studies showed that microbial dysbiosis was reversed simply by resolution or control
of the inflammation, consistent with the model that inflammation was the driver of biofilm
dysbiosis, and supporting the emerging data suggesting that inflammation is the underlying
cause of the disease.8 Furthermore, in the presence of inflammation, the expression of
virulence genes in all the gingival bacteria increases.19-11 Controlling the inflammation
reverses this increase in virulence in the microbiome. Thus, the current model of periodontal
disease is that inflammation creates the environment leading to microbial dysbiosis, and this
induced dysbiosis is a sustaining inflammatory stimulus.8:9:12.13

There is evidence that inflammation is the driving force behind dysbiosis in several diseases
in addition to periodontal disease. This connection between inflammation and dysbiosis has

been reported for inflammatory bowel disease,'# cardiovascular disease,1%16 and diabetes.
17,18

ANTI-INFLAMMATORY DRUGS, A SUBOPTIMAL TREATMENT

Based on the association of PGE, with disease severity, initial pharmacological strategies
were aimed at inhibiting prostaglandin production. Preliminary tests involved chemicals
such as ibuprofen, indomethacin, a-tocopherol (a form of vitamin E), and the fatty acids
docosahexaenoic acid and eicosapentaenoic acid (Figure 1).1° Some of these inhibited PGE,
with high potency in the low nanomolar or micromolar range. Subsequent studies showed
that specific cyclooxygenase (COX) inhibitors effectively treated periodontal disease.20-22
However, such drugs cannot be used chronically; and, once the treatment is stopped, the
disease returns.

Other potential treatment strategies include using tumor necrosis factor a (TNFa)
antagonists, such as etanercept or infliximab, or steroids. These treatments have serious side
effects and are not ideal for long-term therapy. Statins, which have anti-inflammatory
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properties, also stop the progression of periodontal disease.23 Like the prostaglandin
synthesis inhibitors, these are only effective during treatment and they do not reverse the
effects of the disease. With their side effects, none of these are considered optimal
therapeutics for periodontal disease.

NATURAL RESOLVERS OF INFLAMMATION

The body has a natural system for terminating inflammation. The acute phase of
inflammation is initiated by microorganisms or injury activating proinflammatory mediators
sequentially followed by neutrophil influx. Central to this early response are the eicosanoids;
lipid mediators like prostaglandins and leukotrienes. After the acute phase, neutrophils begin
to undergo apoptosis (programmed cell death) followed by an influx of mononuclear
phagocytes and macrophages that phagocytize remaining bacteria and apoptotic neutrophils.
As inflammation resolves, macrophages are cleared from the lesion through the lymphatics
by a process called efferocytosis. Pathology results when acute inflammation does not
resolve and becomes chronic. In the chronic lesion, neutrophils are not cleared, macrophages
assume a proinflammatory phenotype and acquired immunity with the accumulation of
various lymphocytes is activated. This chronic immune-inflammatory lesion is what
characterizes periodontitis. The natural termination sequence of the acute phase of
inflammation is initiated by a new set of eicosanoids collectively called specialized
proresolving mediators (SPMs) comprising lipoxins, resolvins, protectins, and maresins.24
Whereas most prostaglandins and leukotrienes stimulate inflammatory responses; lipoxins,
resolvins, protectins, and maresins terminate inflammatory responses and promote the
resolution of inflammation.2® Like the pro-inflammatory molecules, the inflammation-
resolving molecules are lipid mediators.24 The discovery of the molecular identity of these
SPM s and their receptors launched the field of “resolution pharmacology.”26

Resolution pharmacology has key differences from inflammation inhibitor pharmacology.
SPMs are naturally occurring molecules in the body that function as agonists for receptors.
The receptors are only present when inflammation is present. Consequently, these are highly
specific when used as drugs and promote a coordinated return to homeostasis through their
impact on all cells expressing the receptor. This is in stark contrast to inhibitors or blockers
that affect only one pathway or molecule. Inhibitors can never coordinate a return to
homeostasis, and it is hypothesized that this is the reason they can slow disease, but do not
resolve disease or promote regeneration. In fact, inhibitors of cyclooxygenases (ibuprofen,
etc.) actually interfere with resolution of inflammation.24 Additionally, no contraindications
to use have been identified, no adverse outcomes or side effects are known, and no
tolerization has been observed. Exogenous application of SPMs promotes the clearance of
bacteria; thus, there is no increased susceptibility to infection.2’” Compared with the anti-
inflammatory drugs, the SPMs have ideal properties for treatment of a chronic inflammatory
condition, such as periodontitis.

Compared with individual inhibitors of inflammation, which block only one inflammatory
event, SPMs promote anti-inflammatory events or block multiple pro-inflammatory events
(Figure 2). For activated inflammatory cells, SPMs change the phenotype of the cells from
pro-inflammatory to anti-inflammatory.28 For example, inflammasomes are disassembled
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and the production of interleukin 18 (IL-1p) is stopped, prostaglandin production is
terminated, along with cessation of the expression of genes encoding inflammatory
mediators, such as the cytokine TNFa and interleukin-12 (IL-12). Monocytes are activated
in a non-inflammatory manner to promote resolution of the inflammation, and neutrophils
and eosinophils are inhibited and driven into apoptosis. Furthermore, administration of one
SPM stimulates the production of other SPMs. The net effect of SPMs is resolution of
inflammation not just inhibition of inflammation.

PRE-CLINICAL EVIDENCE OF THE BENEFITS OF RESOLVING

INFLAMMATION

The SPMs are lipid mediators synthesized from arachidonic acid, eicosapentaenoic acid, and
docosahexaenoic acid (Figure 3).2° The effects of resolvins, lipoxins, and maresins have
been tested in preclinical studies. These include resolvin E1 (RvE1), benzo-lipoxin A4
(BLXA,), and maresin 1.

Initial studies were performed with New Zealand white rabbits. Unlike mouse or dog models
of periodontal disease, tying a ligature around a molar or pre-molar in a rabbit does not
cause periodontal disease. This is because this rabbit model does not seem to have a
pathogenic oral microbiome, and the ligature does not create a pathogenic dysbiosis. Thus,
in the rabbit model, experimental periodontal disease is a two-step process: First ligature the
tooth, then add a pathogen, such as Porphyromonas gingivalis (P gingivalis) or another
Gram-negative strain of bacteria to create dysbiosis. After 6 weeks of application of the
pathogen, the rabbits develop periodontal disease.

Using this rabbit model, RvE1 was administered as an oral topical monotherapy every other
day for 6 weeks after establishment of a significant chronic periodontitis. Local RvE1
therapy not only blocked progression of the disease, but promoted resolution of the disease
and tissue regeneration.8 The pocket depths were reduced from 4 mm before treatment
started to <1 mm after 6 weeks of treatment. Furthermore, the gingival tissue re-attached,
and bone loss was reversed, which was confirmed to be “true” tissue regeneration with new
cementum and periodontal ligament formation. Disease progression can be halted with an
inhibitor of inflammation, such as ibuprofen, but there is no tissue regeneration or reversal of
the disease state. These beneficial actions of an SPM are not limited to RVE1 but are also
observed with BLXAy, D series resolvins, and maresins.

Additionally, the SPM treatment normalized the oral microbial populations. By 12 weeks of
treatment, the pathogen P, gingivalis, which was used to induce periodontal disease, was
eliminated. Other pathogenic bacteria that became detectable only in the inflamed state were
also eliminated. The elimination of 2. gingivalis occurred rapidly within 1 week of
treatment. The mechanism for microbiome modification appears to be mediated by the
bacterial microenvironment. As the inflammation is resolved, the food source for the 2
gingivalis (essential amino acids from collagen breakdown) becomes unavailable. These
organisms are assaccharolytic and require the collagen peptides from tissue destruction as
their primary source of nutrients. These same types of experiments have now been reported
in mice, rats, and pigs where dysbiosis and periodontitis was created with ligature alone.
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Reversal of dysbiosis and regeneration of lost periodontium was observed in all.
Interestingly, dysbiosis in rodents does not involve P. gingivalis or any other bacterium
recognized as a periodontal pathogen in humans.

Thus, the pre-clinical studies support the application of SPMs as a topical oral treatment for
periodontal disease. Not only were the SPMs effective in halting the disease, but they also
reversed the damage and induced regeneration, benefits not observed with inhibitors of
inflammation.

6| THE FUTURE OF PERIODONTAL DISEASE THERAPY

The first paradigm shift in periodontal disease was the change in thinking of it as an
infectious disease or microbial dysbiosis to thinking of it as a disease of inflammation with
secondary microbial dysbiosis. The second paradigm shift could be moving away from using
inhibitors of inflammation to using mediators of inflammation resolution as treatment
(Figure 4). This second shift will likely be as profound as the change in understanding the
etiology of the disease has been. With the potential of safe, effective, easy-to-deliver
treatments that not only resolve inflammation in the mouth, but also have the potential to
reset systemic inflammatory responses, lipoxin analogs could revolutionize treatment of
many diseases that have chronic inflammation as a core component.

Fortunately, several companies are actively investigating resolution pharmacology. So, the
translation of this concept into the clinic is already in progress.
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FIGURE 1.

Inflammation is the determinant of periodontal disease. (A) Association between crevicular
fluid PGE, concentrations and disease severity in patients with periodontitis. The left side
shows data from adults; the right side shows adolescents. CF-PGE, gingival crevicular fluid
prostaglandin E,. Reproduced with permission from the American Academy of
Periodontology.! (B) In adult periodontitis, attachment loss is associated with high
concentrations of crevicular fluid PGE, (CF-PGE). ALOSS, attachment loss; AP, adult
periodontitis; JP, juvenile periodontitis. Reproduced with permission from the American
Academy of Periodontology.? (C) Patients with active periodontitis. (D) Eicosapentaenoic
acid inhibits PGE, synthesis in human periodontal tissue homogenates. Reproduced from
Springer Nature with permission!?
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FIGURE 2.

Specialized pro-resolving mediators (SPMs) promote resolution of inflammation. Whereas
individual inhibitors of inflammation block one aspect of inflammation, SPMs, such as
BLXA4, RVE1, and maresin 1, change the phenotypes of the immune cells thereby blocking
production of inflammatory mediators to promote resolution of inflammation, not just
inhibition of inflammation. [Credit: Heather McDonald, BioSerendipity, LLC, Elkridge,
MD]
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FIGURE 3.
Resolution of inflammation begins with the emergence of specialized pro-resolving

mediators (SPMs) after the acute phase. The upper graph represents the phases of the
inflammatory response. Synthesis of lipid mediators of the resolution phase of inflammation.
The diagram shows the production of E-series resolvins from eicosapentaenoic acid (EPA),
and protectins, maresins, and D-series resolvins from docosahexaenoic acid (DHA). Not
shown is the production of lipoxins from arachidonic acid. Reprinted with permission from
Immunity?>
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FIGURE 4.
Paradigm shifts in understanding and treating periodontal disease. The paradigm shift is

from the concept that one “catches” periodontitis from an outside source through the
acquisition of specific pathogens to the concept of dysbiosis that is characterized by the
overgrowth of certain segments of the endogenous microbiome. We have known for many
years that microbial plaque accumulation on teeth, if not removed, results in gingival
inflammation. We now understand that the gingival inflammation leads to changes in the
bacterial composition by changing the growth environment and selecting for a different
subset of organisms leading to the overgrowth of organisms that normally comprise a very
small segment of the microbiome. Dysbiosis perpetuates and exacerbates inflammation.
Why certain people develop a stable advanced gingivitis without periodontitis is still not
quantifiable, but it is hypothesized to be related to the extent and severity of the
inflammatory response, or a failure of the resolution response. [Credit: Nancy R. Gough,
BioSerendipity, LLC, Elkridge, MD]
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