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Abstract

Periodontitis is an inflammatory disease of the supporting structures of the dentition that is
initiated by bacterial that form a biofilm on the surface of the teeth. The pathogenesis of the
disease is a result of complex interactions between the biofilm and the host response that results in
dysbiosis of the microbiome and dysregulation of the inflammatory response. Current data suggest
that the excess inflammation associated with periodontitis is due to a failure of resolution of
inflammation pathways. In this review, the relationship between inflammation and microbial
dysbiosis is examined in the context of pro-inflammation and pro-resolution mediators and their
ability to modify the course of disease. The impact of local oral inflammation on systemic
inflammation and the relationship of periodontitis to other inflammatory diseases, including type 2
diabetes and cardiovascular disease is reviewed. Active resolvers of inflammation, including the
lipoxins and resolvins, show great promise as therapeutics for the treatment of periodontitis and
other inflammatory diseases.

Introduction

Periodontitis is an inflammatory disease of the supporting structures of the teeth. The
periodontium comprises the alveolar bone, the periodontal ligament (the connective tissue
fibers connecting the tooth to the alveolar bone) and the cementum on the surface of the
tooth root into which the connective tissue fibers insert (Figure 1A). In the oral cavity, the
crown of the tooth is exposed to and colonized by the commensal microflora in the mouth in
the form of organized bacterial biofilms, commonly known as dental plague. There are
sequential stages of periodontal disease development beginning with gingivitis. Gingivitis is,
as the name implies, an inflammation of the gingiva that is induced by chronic exposure to
dental plaque (Figure 1B). The pathological stages of gingivitis range from the initial
neutrophil dominated lesion, which with time develops into a mature immune lesion
dominated by B and plasma cells. The advanced lesion of gingivitis is characterized by loss
of gingival collagen, but importantly, it is reversible with the removal of the plaque. The
shift to periodontitis is characterized by an irreversible loss of attachment apparatus of the
tooth with concomitant alveolar bone loss Figure 1B). The composition of the biofilm
associated with periodontitis changes and becomes more complex and more dominated by
gram negative bacteria. Removal of the bacterial insult does not result in return to tissue
homeostasis with regeneration of lost tissues. The trigger for conversion of a gingivitis
lesion to periodontitis remains unknown.

The relationship between the oral microbiome and the development of periodontitis is
complex. The initial assumption in the literature that specific pathogens cause the disease is
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no longer considered valid, since it now realized that the bacteria associated with disease are
actually commensals and the “pathogens” associated with disease result from an overgrowth
of minor components of the biolfilm creating a “dysbiotic” microbiome. The driver for the
shift to a dysbiotic microflora appears to be inflammation induced changes in the growth
environment. This concept was first recognized in the early 1990°s and was called the
ecological plaque hypothesis (1). In this hypothesis, it was proposed that the subgingival
environment dictates or selects the specific microbial composition and this in turn drives the
change from health to disease. Thus, the nonspecific accumulation of plaque leads to
inflammation within the gingival tissues and gingivitis. Inflammation then drives the
environmental changes within the gingival sulcus favoring the growth of gram negative and
proteolytic species of bacteria. The gram negative proteolytic bacteria amplify the
inflammatory response further enriching the environment with tissue breakdown products
that enhance their growth. These and other recent findings have led to a paradigm shift with
respect to the etiology and pathogenesis of periodontitis from an infectious disease to an
inflammatory disease. This distinction changes the treatment paradigm from trying to
control the composition of the commensal flora to control of inflammation (2, 3).

In general, the gingival microbiome associated with periodontal health remains stable over
time in a state of dynamic equilibrium with the host. However, the host inflammatory and
immune response can be overwhelmed by excessive plaque accumulation, systemic
perturbations (immune disorders, changes in hormonal balance or systemic diseases such as
diabetes) or environmental factors (e.g. smoking, diet, and stress) leading to a chronic
inflammatory lesion. With time, the inflammatory lesion becomes a mature immune lesion
as seen in most chronic inflammatory diseases. Disease-associated bacteria are relatively
minor components of the subgingival flora in health and increase significantly with the
development of periodontal pockets and periodontitis (4—7). In health, these organisms seem
to be regulated by the interspecies competition creating microbial homeostasis. With the
onset of chronic inflammation, the nutrient environment locally in the gingival sulcus
becomes enriched with collagen peptides, increases in plasma proteins and haemoglobin
from bleeding that select for assaccharolytic bacteria that use essential amino acids and
hemin as their energy source. Several bacteria associated with periodontitis have heme
proteins as growth requirements, which make bleeding and vascular permeability resulting
from inflammation important variables. Therefore, periodontitis is associated with an
overgrowth of specific subsets of microbes within the subgingival dental plaque as a result of
changes in the microenvironment (1, 8). Dysbiosis of the periodontal microbiome (9, 10) is
clearly associated with periodontitis; whether dysbiosis causes disease or results from
disease has not been definitively demonstrated. However, it is likely that this is a dynamic
two-way interaction.

Bacteria are undoubtedly the principal cause of gingivitis; it is the host response that dictates
whether disease progresses (11, 12). Overwhelming evidence has accrued to demonstrate
that it is uncontrolled inflammatory and immune responses that largely drive the tissue
destruction (13, 14).
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Pro-resolving Mediators in Periodontitis

Pro-inflammatory mediators, including cytokines, chemokines and metalloproteinases are
known to increase dramatically in periodontal tissues and gingival crevicular fluid (GCF) in
periodontitis (15-17). In particular, early response lipid mediators, including leukotriene B4
(LTB4) and prostaglandin E, (PGE,) are markedly increased (18). In fact, much of the
pathophysiology of periodontitis can be explained by the actions of these lipid mediators
(19-21). PGE; is significantly elevated in GCF of periodontitis patients, the increases
correlate well with disease severity and ongoing activity, and can be used to predict future
disease episodes (18, 22). Moreover, COX activity, particularly COX-2 activity, is increased
in periodontal tissue in disease and in response to periodontal pathogens /n vitro (23-27).

Early investigations of pro-resolving mediators in periodontitis revealed that neutrophils
from periodontal patients produce increased L XA, compared to subjects without periodontal
disease (27), especially patients with Localized Aggressive Periodontitis. This study was the
first reported LC-MS/MS- based analysis of eicosanoids produced by neutrophils from
periodontitis patients. LTB,4 and PGE, were detected as previously reported (18), and this
study revealed LXA, production by neutrophils and in the GCF of periodontal lesions on
LAP patients (27). The finding of LXA,4 upregulation and /n vivo neutrophil priming was
also observed in asthma patients (28) and can be experimentally induced with cytokine /in
vitro (29). The data suggest that that the chronic periodontal lesion is characterized by
hyperactivated neutrophils with resultant production of activation of lipoxin pathways.
Importantly, the lipoxins were either in insufficient quantity or receptor binding was
dysfunctional as resolution of inflammation was not achieved with the naturally produced
lipoxins.

The question of whether sufficient lipoxin could be produced to prevent periodontal disease
was addressed in a rabbit model of ligature induced periodontitis that compared wild type
rabbits to 15-lipoxygenase (LO) overexpressing transgenic rabbits that have elevated
circulating levels of LXA4 (30). The 15-LO product, 15-hydroxyeicosatetraenoic acid
(HETE) is a known substrate for myeloid 5-LO to produce LXA4. 15-LO overexpressing
transgenic rabbits exhibited reduced neutrophil recruitment and release of granule associated
enzymes that play a major role in periodontal tissue destruction. In acute periodontitis, the
15-L.0 transgenic rabbits were protected from periodontal tissue damage and bone loss
(Figure 2). These data show that sufficient quantities of lipoxin were capable of preventing
tissue destruction in bacterially induced periodontal disease.

Localized Aggressive Periodontitis, as the name implies, is a rapidly progressing form of
periodontitis that seemed refractory to endogenous levels of lipoxins (27). Further
investigations of dysregulation of resolution in LAP were reported by Fredman et al. (31). In
this study, aberrant LO activity was demonstrated in whole blood of LAP patients. This
finding was associated with increased surface P-selectin expression on LAP platelets and
increased CD18 expression on circulating neutrophils and monocytes, which translated into
significantly greater platelet-neutrophil and platelet-monocytes aggregates in circulating
whole blood of LAP patients. Defective macrophage phagocytosis of opsonized particles in
LAP was also noted. Taken together, these observations suggest a failure to resolve local
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inflammatory insults induced by bacteria in the periodontium leading to periodontal disease
progression.

Interestingly, Fredman reported that the /77 vitro abnormalities in LAP were all reversed with
exogenous addition of RVE1, a resolvin of the E series derived from EPA. Further
investigation of the neutrophil response to proresolution mediators by Hasturk and co-
workers (32) revealed that LAP neutrophils respond to resolvins, but not lipoxins. These
findings bring up the interesting prospect of selective abnormalities of the response to
individual pro-resolving mediators and raise the question of the potential of these mediators
as therapeutics in periodontitis.

Pro-resolving Mediators as Therapeutics

Based upon a growing body of literature that shows omega-3 fatty acids containing EPA
(C20:5) are protective in a variety of human inflammatory diseases (33-36), the potential of
metabolites of EPA, such as RVEL1 for the prevention and treatment of periodontitis was
investigated. The arachidonic acid derived proinflammatory eicosanoids play a key role in
the onset and pathogenesis of inflammatory lesions in periodontitis (18, 37, 38). The
etiologic stimulus is bacteria and the putative pathogens Porphyromas gingivalis, Tannerella
Forsythia and Treponema denticola are strongly associated with clinical disease (39). At the
time, it was still unclear how large a role inflammation played in the pathogenesis of
periodontitis.

In order to evaluate the role of inflammation in periodontitis pathogenesis and to determine
the therapeutic potential of the EPA derived resolution agonist RvVE1, experiments were
undertaken to evaluate the actions of RVEL in rabbit periodontitis initiated by the human
pathogen Porphyromonas gingivalis (Pg.). The rabbit model was established showing that
ligature of specific teeth (in this case lower second premolars) with 5-0 silk sutures with
topical application of 108 Pg. to the ligature 3 times per week induced severe periodontitis
within 6 weeks. In the experiment, RvE1 was applied topically to the ligature in a 1 pg/ml
PBS solution containing 5% ethanol (4 pl per application) from baseline for 6 weeks;
controls received the PBS vehicle alone. The treatment was applied topically as a
monotherapy three times per week at the same time as the 2g. Other controls in the
experiment included a group that received ligature, but no microbial challenge; and another
group neither ligature nor microbial challenge. To directly demonstrate the etiologic role of
Pg., a final group received systemic metronidazole to kill the Pg. and also to provide a
direct means of assessing antimicrobial therapy vs. control of inflammation through the
actions of the endogenous proresolution agonist, RvEL.

The results revealed that application of Pg. to the ligature caused severe periodontal disease
easily visible to the naked eye. Direct bone measurements after sacrifice revealed destruction
of about 50% of the alveolar bone around the affected teeth. 50 mg IM administration of
metronidazole inhibited onset of disease; the no ligature, no £Pg. group did not develop
disease. Topical treatment with 4ug of RVEL three times per week at the ligature site
inhibited bone and tissue destruction by >95% (Figure 3). The intrinsic antibacterial activity
of RVE1 was assessed and none was found. Importantly, the rabbits tolerated the procedure
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well and showed no evidence of bacterial overgrowth of pathogens with the application of
RVE1, which was resolving the inflammatory response. Histological evaluations showed a
robust inflammatory infiltrate in the animals not receiving RvE1, whereas animals that
received RVEL exhibited essentially no neutrophils in the periodontal tissues. Bone histology
revealed active osteoclastic bone resorption in the non-RvE1 animals and no osteoclast-like
cells in the bone of the RVEL1 treated animals. These first proof-of-principle studies
demonstrated that RvE1 was effective in the prevention of periodontitis and confirmed the
inflammatory nature of periodontitis demonstrating that control of inflammation with
resolvins in an infectious disease leads to clearance of the infection and does not lead to
disseminating infection (32).

The potential of resolvins and lipoxins for treating existing, established periodontitis was
first established in the same rabbit model of ligature and Ag. induced periodontitis; however,
in this case, the disease was allowed to progress for 6 weeks in all experimental animals.
After establishment of disease at 6 weeks, Pg. application was stopped, one group of
animals was sacrificed to assess the level of disease, and the remaining animals were treated
with RVEL or vehicle as above for an additional six weeks. In these experiments, the
composition of the biofilm associated with the affected teeth was monitored before disease,
before therapy and after therapy. As additional controls, two groups of animals were treated
with topical application of LTB4 and PGE; instead of RvE1 (8).

The results of the treatment experiment revealed that topical treatment with RvE1 stopped
disease progression and resulted in regeneration of periodontal tissues lost to prior disease,
including bone and connective tissue attachment of the tooth to the bone (8). The important
control in this experiment was the vehicle treated animals in which the disease progressed in
spite of ceasing administration of 2g. As would be expected, topical application of PGE,
and LTBy4 enhanced disease profession (8) (Figure 4).

An important aspect of this study was the monitoring of the lesion associated biofilm.
Before initiation of disease, the rabbit periodontal microbiome was found to be simple with
a number of non-pathogenic commensals dominating the flora. Initiation of disease with
ligature and Pg. resulted in the expected large increase in Ag. but also a marked increase in
the complexity of the biofilm and the overall bacterial load. Among the wide array of
inflammatory diseases that afflict man, periodontitis is in some ways unique, because the
etiology is known; it is bacteria. However, the causative organisms have been a matter of
debate for some time. These studies directly support the earlier work of Marsh (1), that
demonstrated in chemostat biofilm systems that the addition of gram negative pathogens,
such as Pg. have a big impact on the stability and dynamics of the biofilm. It was
demonstrated in this experiment that introduction of Pg. resulted in overgrowth of other
gram negative pathogens. Perhaps the more significant finding was that control of
inflammation with RVE1 reversed the biofilm changes with elimination of Pg. and
resolution of the microbial dysbiosis (8).

Regeneration of soft and hard tissues lost to disease is a prominent problem in many
inflammatory diseases, including periodontitis and arthritis. Currently, there are few, if any,
effective treatments that predictably lead to regeneration of lost tissue, likely due to the

Mol Aspects Med. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Van Dyke

Page 6

inhibition to control inflammation. Inhibitors of inflammation through blocking of enzymes
or receptors do not control inflammation as much as it controls the symptoms of
inflammation. It is noteworthy that >95% of lost tissues were regenerated with RvE1
treatment, albeit in a rabbit. However, it is also noteworthy that tin the control animals,
disease progressed and tissue damage got worse. This was not a spontaneously healing
model. Thus, these studies emphasize the role of natural control of inflammation in tissue
regeneration also noting that the principles of tissue engineering, providing exogenous
scaffold, cells and mediators, were not necessary.

Periodontitis is characterized by the destruction of soft and hard tissue (connective tissue
and bone) supporting the teeth mediated by the host response (40). Lipid mediators play an
important role in both the onset and natural resolution of these lesions. PGE, and LTB, are
markedly elevated in progressive, active disease (41, 42) and appear to be the main
determinants of maintaining chronic inflammation. Conversely, the drivers of resolution of
inflammation and return to homeostasis are the resolution pathways and their products the
lipoxins and resolvins. The question of production and response of the lipoxins and resolvins
in disease and why they fail to resolve active lesions is an open question, but periodontitis
provides a convenient disease model to unravel these complexities. It is now clear that
reversal of chronic inflammation and return to homeostasis requires the active removal of
immune and inflammatory cells from the lesion (43).

Pro-resolving Mediators and the Microbiome

With the current availability of molecular tools that directly extract and sequence cloned
DNA from communities of microorganisms, our understanding of the relationship between
human cells and the microbes that colonize the human body has completely changed (44).

Literally thousands of previously uncultured and unknown microbes have been identified in
and on human tissue. The systematic study of the Auman microbiome has revealed bacterial
associations with inflammatory diseases and conditions previously thought to be sterile
events or in which the composition of the microflora was regarded as commensal (45-50).
To that end, the relationship of inflammation to the microbiome clearly is of major impact in
inflammatory disease and the relationship is bi-directional. Pathogens that can persist,
particularly intracellular pathogens, can cause significant inflammatory dysregulation (51—
53) and upregulation of systemic inflammation, as in obesity and type 2 diabetes, can cause
dysbiosis of the gut microbiome (49).

These findings raise the question of the temporal relationship of the periodontal microbiome
to inflammation in periodontal disease. It has been demonstrated that there is dysbiosis of
the oral microbiome associated with periodontitis (9), but the temporal sequence of onset of
each and the interplay between bacteria and inflammation is just beginning to be described
(54, 55).

The dogma in periodontal therapy for the past 60+ years has been that removal of plaque on
the teeth (the dental biofilm) is sufficient to reduce inflammation, but the effect is transient
and inflammation rapidly returns (56). With the more recent realization that susceptibility to
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periodontitis and the destructive pathogenesis is mediated by the host response to bacteria
(57-59), severe periodontitis has been associated with excess inflammation that includes,
oxidative stress (60, 61) and cytokine production (62). Longitudinal studies demonstrate that
inflammation predicts disease progression (63, 64) and the associated dysbiosis in
periodontitis observed in human cross-sectional studies occurs after onset of disease (63).

As noted above, in studies of periodontitis progression and treatment with RVE1 in rabbits,
resolution of inflammation prevented and reversed disease and promoted bone remodeling
(8, 32, 65, 66). A relevant observation in these studies was that treatment with RvE1 caused
spontaneous disappearance of the periodontal pathogen, Pg., without mechanical or
antimicrobial therapy. In a subsequent study by Lee and co-workers, the temporal dynamics
of inflammation-induced dysbiosis of the periodontal microbiota and the impact of RvE1
were examined in rat periodontitis (54). Periodontitis was induced in rats using ligature
placement alone to observe naturally occurring dysbiosis of the rat microbiome associated
with progressive periodontitis, rather than adding a human pathogen to induce disease. To
obtain an unbiased assessment of inflammatory changes, global differential gene expression
in periodontal tissue was determined in health, periodontitis and periodontitis treated with
topical RVEL. To determine the impact of inflammatory status on the composition of the
microbiome, 16S rDNA sequencing was performed in parallel.

As demonstrated in rabbits and mice before, topical application of RVE1 in rat periodontitis
both prevented and successfully treated ligature-induced periodontitis in the rat with
significant regeneration of lost periodontal soft tissues and bone. Concomitantly, shifts in the
local microbiota induced by inflammation were markedly changed by the control of
inflammation with RvE1, and treatment of established periodontitis with RvE1 reversed to a
significant degree the shifts associated with disease progression (Figure 5).

These findings reveal important aspects of the role of inflammation in host/microbiome
interactions in health and disease that are generalizable and not limited to periodontitis. In
active disease, species that are associated with disease clinically overgrow due to
inflammation-induced changes in the local ecology obtaining required nutrients. The disease
associated microbial community becomes more diverse in diseased sites (a diversity), while
the microbial composition of diseased site within the individual become more similar (
diversity) (67—71). These results emphasize two important biological principles: 1. there is a
direct link between local environmental conditions and the activity and composition of the
microbiota, and 2. the inflammation induced impact on the microbiome is modifiable by
active resolution of inflammation. These changes are not observed with /nhibition of
inflammation with drugs, including NSAIDs (72).

The shifts in the microbiome induced by inflammation are certainly not benign. Growth
conditions that favor overgrowth of certain commensals also provide a growth environment
that changes their physiology, pathogenicity and expression of virulence factors. Global
differential gene expression analyses have also been performed on the microflora associated
with progressive disease. The analysis of the microbiome transcriptome revealed that
virulence factors are upregulated by both presumed pathogens and also health associated
commensals (73, 74). Taken together, a picture is emerging in which the inflammatory
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response and infection are linked in a bi-directional balance in homeostasis and a bi-
directional imbalance in inflammatory diseases that have an infectious component. The
inflammatory response can contribute to bacterial proportional changes and expression of
bacterial virulence and control of excess inflammation can benefit management of infection
and clearance. These principles are not limited to oral diseases such as periodontitis, but
have been demonstrated in sepsis, IBD and other diseases as well (75, 76).

Diseases resulting from the apparent disruption of the equilibrium between the host and
resident biofilm have been suggested to be related to gene-by-environment interactions (55).
The basic assumption is that the disease is manifest by polygenic causes modified by the
environment. In a recent report, Sima and co-workers (55) investigated these interactions
using inbred mice as genetic reference populations to identify quantitative trait loci (QTLS).
QTLs are identified by associating the observable disease variations in inbred mouse strains
with the known genetic variation. Earlier studies linked the correlation between phenotype
and genotype in other complex disease, including diabetes and cancer (77). Using genetic
marker regression analysis, loci that contain genes potentially contributing to the expression
of a disease trait in response to the periodontal microbiome were identified. The analysis
confirmed that inflammatory alveolar bone loss is a polygenic trait and that, as expected,
there are shifts in the microflora associated with periodontal disease progression.
Interestingly, the disease changes in the microbiome were related to a marked increase in
Firmicutes in disease with a concomitant decrease in Bacteriodes. Spirochetes were
significantly increased on the tongue in periodontitis suggesting that the tongue serves as a
reservoir for periodontal pocket colonization. The QTL identified in the analysis combined
with the microbial shifts suggest that loci associated with macrophage and osteoclast
functions are influenced associated with shifts in the oral microbiome. These data emphasize
the dynamic interplay required for maintenance of homeostasis and periodontal health and
the central role of inflammation is creation of dysbiosis and disease.

Pro-resolving Mediators in Periodontal Regeneration

In chronic osteolytic inflammatory diseases such as periodontitis, sustained microbial
challenge and a failure of endogenous resolution pathways result in tissue destruction (57).
The ideal outcome of acute inflammation is its complete resolution (78, 79). Regeneration of
hard and soft tissues lost to periodontal disease is limited and not predictable (80-82). It is
now widely appreciated that uncontrolled acute inflammation can lead to tissue injury,
chronic inflammation, tissue scarring and fibrosis (83-85). In the face of uncontrolled host
defense mechanisms, tissue engineering, regeneration and reconstruction of both diseased
and injured oral and craniofacial tissues are significantly hampered (86, 87). In periodontal
disease (and in any contaminated surgical or traumatic wound), an uncontrolled
inflammatory response causes neutrophil-mediated tissue injury that in turn can lead to
irreversible bone loss. Periodontal infections and non-healing or scarring facial wounds are a
major public health concern and financial burden (87-89). New data reveal that endogenous
control of inflammation directly enhances bone healing and regeneration. Mediators of
resolution of inflammation have actions beyond control of neutrophil function; they exhibit
receptor mediated control of osteoclasts (65, 66), as well as stem cells (90-92) that
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differentiate into fibroblasts, and osteoblasts that function in wound healing and bone
regeneration.

Importantly, the actions of lipoxins and resolvins are not limited to inflammatory cells.
Mesenchymal stem cells and downstream stromal cells including fibroblasts and osteoblasts
express receptors for and positively respond to resolution agonists. Lipoxin and resolvin
treated mesenchymal stem cells are resistant to apoptosis /7 vivo and /n vitro and enhanced
viability has been shown to be mediated through PI3K-Akt signaling (90). In addition,
treated mesenchymal stem cells up-regulate secretion of growth factors (93). In regenerating
tissues in mice, treatment with resolvin resulted in differentiation and activation of
osteoblasts (65).

Animals models of periodontal disease have been used to demonstrate regeneration of
periodontal tissues mediated by lipoxins and resolvins, endogenous regulators if
inflammation (8, 54, 94). The capacity for regeneration in small animals is greater than in
large animals and man. However, models were developed that were able to demonstrate
progression of disease in control animals and complete healing with >95% regeneration in
animals topically treated with resolvin or lipoxin alone.

Regeneration of tissues lost to disease is a common problem in inflammatory diseases,
including arthritis and periodontitis. The therapeutic strategies used try to follow the
principles of tissue engineering to attempt to recapitulate development of the organ in
question. This includes providing scaffolds, adding back appropriate stem or progenitor cells
and soluble mediators. In just about all instances, failed tissue engineering attempts are due
to uncontrolled inflammation. Inhibitors of inflammation, e.g. COX inhibitors or TNFa
receptors antagonists, do not alleviate the problem. Feed forward, receptor mediated active
resolution of inflammation does.

In the rabbit periodontitis model, active periodontitis was established with ligature of teeth
and exogenous addition of the human pathogen Pg. Treatment of established periodontitis
with RVEL (8) or a lipoxin A4 analog resulted in complete resolution of the inflammatory
lesion and >95% regeneration of bone and connective tissue attachment (periodontal
ligament regeneration) to the tooth (Figure 4). In animals treated with vehicle alone (no
lipoxin), the disease progressed with further loss of attachment and bone. When the
proinflammatory mediators PGE, or LTB,4 were topically applied, disease progression was
exacerbated (8). The important principles demonstrated by these studies are that resolvins
and lipoxins act to modulate the inflammatory response essentially aborting and reversing
the chronic phase, promoting more rapid resolution, and that elimination of inflammation in
a healing lesion promotes tissue regeneration. In small animals, these findings are not
limited to the rabbit, but have been reproduced in mice and rats as well (54, 95).

Harnessing the biomimetic properties of resolvins and lipoxins in large animals, including
humans, presents a new set of problems. Large animals spontaneously develop periodontitis,
like in humans, and do not spontaneously regenerate periodontal tissue under any
circumstances, again, like humans. Thus, to more replicate the treatment of periodontal
disease in humans, a lipoxin analog was used as an adjunct to periodontal surgical therapy to
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evaluate the impact on periodontal regeneration (94). Using the Hanford Miniature Swine
with chronic periodontitis, surgical debridement of the periodontal lesion was followed by
placement of lipoxin analog in a neutrophil microparticle carrier in the lesion before
suturing. The active particle carrier with lipoxin was termed nano-proresolving medicine
(NPRM). The NPRM were prepared from membrane-shed vesicles from neutrophils (96)
that have been shown to target specific tissues without dilution or inactivation of the
proresolving mediators (97). The controls included the components alone (lipoxin or
unloaded particles) and surgery alone.

The results revealed that the components alone had small benefits, each producing
significantly more bone that the surgery alone; however, the NPRM treated lesions produced
significantly greater bone and periodontal ligament regeneration than the components alone
(Figure 6). The NPRM served as a mimetic of endogenous resolving mechanisms and
exhibited potent bioactions in tissue engineering in the treatment of an osteolytic
inflammatory disease.

The actions of lipoxins and resolvins in tissue regeneration bring up the question of the
biologic targets for this class of molecules. Are the observed actions solely in response to
modification of inflammatory cell phenotype? This question was investigated in a series of
experiments that determined receptor expression and function for lipoxins and resolvins on
bone cells in periodontal regeneration. The direct actions of RVE1 were first determined on
osteoclasts examining osteoclast development and bone resorption (98). Osteoclasts express
receptors for RvE1, both ERV1 and BLT-1 (99), but signal through BLT-1. RvEL1 inhibited
osteoclast differentiation reducing the number multinucleated cells and attenuated RANKL-
induced nuclear translocation of the p50subunit of NFxB without altering apoptosis or
osteoclast survival. Thus, the bone sparing actions of RvVE1 are mediated in part through
inhibition of osteoclast growth and differentiation in addition to inflammation resolution.
Further, examining bone formation, it was demonstrated that osteoblasts also express
receptors for RVE1, but the functional receptor is ERV1. RvE1 promotes osteoblast
differentiation and bone formation (65).

Taken together, there is substantial evidence for a new mechanism for tissue regeneration in
inflammatory diseases like periodontitis. Lipoxins and resolvins are functionally transferred
to bone cell membrane receptors in addition to leukocytes modulating both responses to
promote bone formation. The complex remodeling of bone is directly impacted by
inflammation. The cellular events regulated by lipoxins and resolvins efficiently control the
bacterial biofilm and its environment, including suppression or elimination of pathogens,
resulting in significant regeneration of bone and connective tissues for the reestablishment of
the periodontal organ.

Pro-resolving Mediators, Periodontitis and Systemic Disease

Excessive inflammation is now recognized as a central component of the most prevalent
diseases in developed societies, including periodontitis, Type 2 diabetes (T2D), and
cardiovascular disease. The trigger for excess inflammation remains elusive with
associations to obesity and other risk factors, but the role of the microbiome is just
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beginning to be explored. The complications of diabetes mellitus, particularly Type 2,
include periodontitis and cardiovascular disease (CVD). Fifty percent of the US population
has at least some periodontal disease; T2D doubles risk for periodontitis (100). CVD risk is
increased four times (Framingham Heart Study) and accounts for the majority of premature
deaths in Type 2 diabetics (101). A major link between T2D and its complications is
inflammation (101, 102). In periodontitis, after acute infection, the shift to chronicity and
persistence of pathogens (dyshiosis) may in fact result from increased inflammation (8, 103-
106) and lead to leukocyte-mediated tissue destruction. New data clearly demonstrate that
Type 2 diabetics are refractory to standard periodontal therapy, which further emphasizes
this interrelationship (107, 108).

The mechanism of the interactions between obesity, T2D and its complications of
periodontitis and CVD is unclear. Phagocyte interactions with platelets are dysregulated in
people with periodontitis or with T2D (109, 110). Thus, mechanisms related to inflammation
in periodontitis may be linked with the primary cause of mortality in diabetics, CVD. It is
also well-established that sufficient proresolution agonist concentrations are necessary to
prevent tissue damage in inflammation (8, 32) and that these pathways are deficient in
obesity and T2D (111).

Periodontitis, T2D, and cardiovascular disease are complex and involve inflammation-
mediated microvascular and macrovascular damage, disruption of lipid metabolism,
glycosylation of proteins, and other abnormalities that induce or are the result of
dysregulation of inflammation. In periodontitis and in T2D, uncontrolled local and systemic
inflammation induces dysbiosis (overgrowth of commensal pathogens) in the mouth and in
the gut. The dysbiosis in the gut is associated with changes in gut permeability leading to
increased systemic inflammation and insulin resistance. The resultant dysregulation of
inflammation is central to phagocyte-mediated tissue injury in T2D and its periodontal
complications. The return of inflamed tissues to health and homeostasis through active
resolution of inflammation appears to be compromised in obesity and T2D (112). Omega 3
fatty acids and an increased omega-3/omega-6 ratio are associated with lower prevalence of
coronary artery disease in Greenland Inuits and reduced incidence of diabetes in different
populations (113). Similarly, omega-3 active metabolites, particularly resolvins, are
protective against obesity associated inflammation and insulin resistance (114, 115).

Type 2 Diabetes and Periodontitis

The increase in inflammation induced by T2D directly contributes to the increased
prevalence and severity of periodontitis in T2D (116); however, the mechanism of the
interactions between T2D and its complications is unclear. The relationship between
diabetes and periodontal disease is reciprocal. Infections, including periodontal infections,
have a significant impact on diabetic control, and diabetes is a significant risk factor for the
development and severity of periodontal disease (117). In 2011, 8.3% of the children and
adults in the United States (25.8 million people) were reported to have diagnosed (18M) and
undiagnosed (7M) diabetes; another 79 million have pre-diabetes (American Diabetes
Association 2011 Diabetes Fact Sheet). The resulting health care and lost productivity costs
in 2013 were $246 billion. The substantial increase in obesity, which is the main risk factor
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for T2D, and the high rates of impaired fasting glucose and impaired glucose tolerance
found in NHANES I11, indicates that diabetes will grow as a major health problem in the
U.S. (118).

Emerging evidence suggests that nonresolving inflammation is a critical underlying factor of
both periodontitis and T2D that is sustained by a deficiency of lipoxins and resolvins (31,
119-121). To further investigate the comorbidity of periodontitis and T2D, Herrera and
coworkers investigated neutrophil function in an ERV1 (RVEL receptor) overexpressing
diabetic transgenic mouse.

Several important observations stemmed from these studies. First, the ERV1 transgenic
mouse was demonstrated to be an excellent gain-of-function model for the actions of
resolvins (65). ERV1 transgenic mice exhibit a reduced inflammatory phenotype and
respond to RVE1 better than wild type. The ERV1 transgenic mouse is resistant to
periodontitis. Diabetic mice are significantly more susceptible to periodontitis than wild
type, and ERV1 transgenic mice with diabetes are protected from periodontitis (Figure 7).
Additional of topical exogenous RvE1 enhances the response. Looking at the mechanism
behind increased susceptibility to periodontitis, it was noted that diabetic mice (db/ab leptin
receptor deficient strain) exhibit impaired neutrophil phagocytosis of the periodontal
pathogen Rg. in vitroand clearance of the same pathogen in the murine dorsal airpouch
model (122) was deficient and more severe tissue damage was seen. RvE1 added to the
phagocytosis assay increased Ag. phagocytosis and killing by neutrophils in the transgenic
diabetic animals. In the airpouch, RvE1 addition decreased inflammatory cell influx and
increased Ag. clearance suggesting that excess inflammation impedes normal defense
mechanisms. The activation of neutrophil signaling pathways in phagocytosis supported this
observation. Incubation of neutrophils with 2g. induced phosphorylation of Akt and MAPK
that was dampened by RVEL. Taken together, the data suggest that RvVE1 increases efficiency
of phagocytosis and reduces the potential for collateral tissue damage.

A direct impact of RVEL on the pathogenesis of diabetes was also noted. ERV1 transgenic
diabetic mice exhibited significantly reduced fat accumulation. Concomitantly, the
macrophage accumulation in the fat was significantly reduced suggesting reduced
production of inflammatory mediators by fat tissue in the transgenic animals that is likely
contributing to the non-inflammatory phenotype and protection from disease (95).

Cardiovascular Disease and Periodontitis

Cardiovascular diseases (CVD) and subsequent ischemic complications, including
myocardial infarction and stroke, are the most common causes of morbidity and mortality in
the United States (123) with 70% of the aging population suffering from CVD (124). The
underlying cause is atherosclerosis, which can progress for years without symptoms. A
catastrophic acute ischemic event (thrombosis) occurs when an atheromatous plaque disrupts
(125, 126). Inflammation is a major determinant of plaque formation and rupture (127, 128).
Elevated systemic inflammation predicts CVD events and local inflammatory foci both
coincide with, and induce systemic inflammation (129-131). Periodontitis is such a chronic
inflammatory focus. Patients with periodontal disease share many of the same risk
characteristics as patients with CVD; they are older, predominantly male, and exhibit similar
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stress and smoking behaviors (132). Periodontal disease and CVVD co-segregate in the
population (133, 134). Periodontitis clearly imparts excess risk for CVD (135) and enhances
CVD in animal models (136, 137).

Periodontitis increases large vessel atherogenesis in the high fat diet rabbit model (136,
138). The New Zealand White (NZW) rabbit serves as a model for periodontitis with
bacterial challenge with similar characteristics to human. High fat diet-induced
atherogenesis can be induced simultaneously and Ag. elicited inflammatory changes locally
and in the vessel wall can be tracked.

The direct impact of treatment of periodontitis with RvE1 on atherogenesis was
demonstrated in this model (138). The investigators found that oral-topical administration of
low dose RVEL1 to the gingiva (4.0 pg and 0.4 pg) provided dose dependent protection
against the onset of periodontitis and atherogenesis (Figure 8). Interestingly, in the absence
of periodontal inflammation, oral-topical administration of RvVE1 provided significantly
more protection against atherogenesis, with reduced intima/media ratio and decreased
inflammatory cell infiltrate, demonstrating the impact of local inflammatory foci on the
initiation of CVD. RVEL1 significantly reduced serum CRP.

These data suggest that RvVEL1 is rapidly absorbed through the mucosa to provide systemic
actions. Oral-topical RvVE1 blocks periodontal disease and its impact on systemic
inflammation. RVEL1 is also extremely potent exhibiting marked reductions in systemic
inflammation blocking atherogenesis at extremely low doses. The targets and mechanism of
action are also beginning to be unraveled.

In atherogenesis, macrophage activation and class switching are critical for foam cell
formation (139). Recent data suggest that this activity is associated with CD36 activation,
which works as a scavenging receptor and is a critical molecule in internalization of oxo-
LDL (140). CD36 can be activated by a high cholesterol diet and results in macrophage
mediated foam cell formation. Porphyromonas gingivalis stimulates CD36 and oxo-LDL
activation through ERK signaling and leads to the activation of NF-xB and generation of
IL-1B (141). CD36/oxo-LDL activity and macrophage-foam cell formation lead to increased
IL-8, IL-6, IL-18, TNF-a, MCP-1, MMP-2 and MMP-9 and decreased IL-10 production
(142, 143). £, gingivalis-mediated stimulation of this mechanism can be mediated through
TLR2 and TLR4 recognition and TLR2 binding to LPS results in pro-atherogenic events
(144). Docosahexaenoic acid (DHA), which is an omega-3 fatty acid precursor of D-class
resolvins, has been found to decrease IL-6 and IL-8 production through CD36-mediated
activity (145).

Conclusion

With a greater understanding of regulation pathways of inflammation has come an increased
understanding of the etiology and pathogenesis of periodontal diseases. Today, we think of
periodontitis as an inflammatory disease initiated by commensal bacteria. This is a very
different conclusion than previously adhered to infectious disease principles that suggested
that one “caught” periodontitis by acquiring exogenous pathogens. Current evidence points
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to inflammation driving changes in the commensal microbiome that further amplify the
inflammatory response. This realization changes the treatment target.

The active, ligand driven, resolution of inflammation provides new targets for natural control
of inflammation. In periodontitis, the evidence points to the disease being directly related to
a failure of resolution pathways, albeit, the level at which the failure occurs is unknown, and
may vary from patient to patient. The two most obvious reasons are a failure to produce
sufficient pro-resolving mediator and a failure of the receptor to be expressed or to respond.

Importantly, in periodontitis, it has been demonstrated that adding sufficient exogenous pro-
resolving mediator reverses the inflammation and the disease. Characterizing this response
has led to several important observations:

1 Pro-resolving mediators can control inflammatory disease

2. Pro-resolving mediators can reverse pathologic changes in the human
microbiome.

3. Control of inflammation with pro-resolution mediators, but not anti-

inflammatory inhibitors, promotes tissue regeneration and return to homeostasis

4, Local inflammatory foci, such as periodontitis, have a significant impact on
systemic inflammation and systemic inflammatory disease

5. Pro-resolution mediators have a significant positive impact on resolving systemic
inflammatory diseases with oral topical administration.

The actions of SPMs in periodontitis are summarized in Figure 9.

As our knowledge of the actions of pro-resolution mediators and their use as therapeutics
evolves, the potential for the production of new mimetic drugs for the control of
inflammatory diseases, without the side-effect profile that plagues the current anti-
inflammatory pharmacopoeia, seems boundless.
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Figure 1. Characteristics of Periodontitis
1A: Anatomy of the normal periodontium illustrates the components of the normal

periodontal organ. Dental plaque accumulation in the gingival sulcus initiates inflammation
of the gingiva that can lead to loss of connective tissue collagen, destruction of the
periodontal ligament fibers that traverse from the bone and insert into root surface cementum
with active loss of alveolar bone. 1B: The clinical and radiographic picture of mild gingivitis
vs. advanced periodontitis. The upper panel illustrates mild swelling and redness of the
gingiva in mild gingivitis (arrows); radiographs illustrate normal alveolar bone height with
no apparent bone loss. The lower panel shows significant redness and swelling of the gingiva
that easily bleeds with gentle probing in advanced periodontitis. The radiographs show loss
of 60-70% of the alveolar bone height.
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Induced Periodontitis
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Figure 2. Resistance of 15-L O TG rabbitsto periodontal destruction
Periodontitis was induced in transgenic and wild type rabbits with ligature and £ gingivalis

as described in the text. Ligature alone served as control. Upper photos: A- Clinical outcome
6 weeks after induction of periodontitis. B- Clinical picture of a TG animal that received £
gingivalis following the same regimen as the animal in A. C- Wild type animal receiving
ligature alone; no P, gingivalis, no appreciable bone loss. Lower panel: 15-LO-
overexpressing transgenic rabbits exhibit reduced leukocyte recruitment to skin and reduced
plasma extravasation (quantified using Evans blue from skin biopsies) with LTB4. MPO
activity was monitored in rabbit skin as an index of neutrophil infiltration. Wild type rabbits
(solid line) exhibited significantly higher (p < 0.05) levels of leukocyte recruitment (A) and
leukocyte-dependent plasma leakage (B) in response to LTB4 compared with 15-LO
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transgenic rabbits (dashed line). Statistical significance was not observed with human riL-8
addition to the skin (C and D).
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Figure 3. Prevention of Porphyromonas gingivalis Associated Periodontitis
The impact of local application of an aspirin-triggered lipoxin analog (LxA) on experimental

periodontitis in rabbits induced by topical application of the human pathogen
Porphyromonas gingivalis was quantified by direct measurements of alveolar bone
destruction. The photographs in the upper panels illustrate the marked reduction of soft
tissue inflammation and alveolar bone loss that result from topical application of 4 ul of a 1
pg/ml LXA solution in PBS three times per week. The quantitative data below illustrate that
topical application of LxA prevented 95% of the alveolar bone loss compared to PBS alone.
Ligature alone did not cause significant bone loss indicating the significant pro-
inflammatory properties of the human pathogen.
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Figure 4. Treatment of Periodontitis with Resolvin E1
Periodontitis was established in the rabbit with ligature and Porphyromonas gingivalis for 6

weeks that resulted in significant alveolar bone loss at 6 weeks (Panel A). Beginning at 6
weeks, Resolvin E1 was applied topically three times per week (4 pl of a 1 ug/ml solution in
PBS) for an additional 6 weeks. The vehicle treated group exhibited further bone loss (Panel
B and D), while the RvEL1 treated group exhibited regrowth on bone to near pre-disease
levels (Panels C and D).
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Periodontitis was induced in the rat model with ligature alone to monitor natural dysbiotic
shifts of the rat microbiome in response to inflammation (Panel A). The established
periodontitis was treated with topical RvE1, which reserved alveolar bone loss (inset). The
impact of RVEL treatment on the microbiome at 32 and 40 days was compared to vehicle
treatment and expressed as percent mean relative difference (Panels B and C, respectively).
The data suggest that control of excess inflammation reverses the pathogenic shift of the
microbiome. The complexity of the microbiome (alpha diversity) and the bacterial biomass
was also reduced (data not shown). (Adapted from Lee et al. 2016 (54)).
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Figure 6. Alveolar Bone Regeneration in a Large Animal Model
To assess the impact of therapeutic resolution of inflammation in a clinical periodontology

relevant setting, the impact of locally delivered lipoxin analog in a targeted slow release
nanoparticle was evaluated after periodontal surgery. Periodontitis treatment comprising
surgical debridement was performed to treat infrabony pockets in a minipig. Benzo-lipoxin
A4 was formulated in de-humanized neutrophil microparticles designated nano-proresolving
medicines (NPRM). The NPRM was compared to surgery alone, lipoxin analog alone and
microparticles alone. Quantification of regenerated bone volume (top panel) revealed that
surgical debridement alone had not regeneration of bone. The benzo-lipoxin analog alone
and the microparticles alone exhibited some limited activity. The NPRM generated
significantly greater volume of alveolar bone in the model. The lower radiographs show that
the notch marking the bone height at time of surgery was covered by new bone after NPRM
treatment with no activity in the surgery alone control.
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Figure 7. Failure of Resolution Pathwaysin Type 2 Diabetes-associated Periodontitis
To assess the role of resolution of inflammation in T2D-associated periodontitis, the ERV1

transgenic mouse overexpressing the receptor for RvE1 was employed in gain-of-function
studies (95). Periodontitis was induced in wild type (Panel A), ERV1 transgenic (panel B),
T2D (db/db leptin receptor deficient, Panel C) and T2D (db/ab) mice overexpressing ERV1
(Panel D) by P, gingivalis gavage). Bone loss area is quantified in the right panel. ERV1
transgenic mice are protected from periodontitis (Panel A vs C). T2D-associated
periodontitis is more severe that in Wild type (Panel A vs. B). Overexpression of ERV1 in
T2D mice affords protection from T2D-associated periodontitis implicating a failure of
resolution pathways in T2D pathology and suggesting that failure of resolution can be
therapeutically corrected with addition of RVE1 in T2D as it is in periodontitis.
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Figure 8. Atherogenesisthat is accelerated by Periodontitisis slowed by RVE1
0.5% cholesterol in the New Zealand White Rabbit diet induces atherogenic changes in the

aorta characterized by fatty streaks that is worsened by concomitant periodontitis (136)
(Panel A). The ability of RvE1 treatment of periodontitis to reverse fatty streak development
is seen with increased doses of RVEL. Interestingly, in the absence of periodontitis, local
application of RVEL to the gingiva (4 ug) offered significantly greater protection from
atheromatous changes (Panel B). The data confirm that periodontitis has a significant impact
on the progression of atheromas in this model and suggest a potential therapeutic benefit for
regulation of inflammation with resolvins in atherogenesis. [Adapted from (138)]
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Figure 9. Actions of SPMsin periodontitis
Several of the known agonists of resolution of inflammation have been investigated in

periodontal diseases, including lipoxins, E and D series resolvins, and maresins. The cell
type and known actions of the SPM are compared to the reported actions in periodontal

diseases.
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Actions in Periodontal Disease

Prevents onset of Pg.-induced P.D.

Treats P.D. with regeneration of hard and soft
tissues lost to disease (Rabbit)

Bone and periodontal ligament regeneration
(pig)

RvE1 prevents and treats periodontitis with
regeneration (Rabbit)

RvE1 increases bone formation; osteoblast
activity, lowers RANKL/OPG ratio

RvE1 decreases osteoclast fusion via DCSTAMP/
NFATc1

RvE1 reverses periodontal microbiome
dysbiosis (Rabbit, Rat)

RvE1 rescues PMN/platelet aggregation nad
activation

Macrophage phenotype switch from M1 to M2

Protection against IL-17-driven periodontal
bone loss in a Del-1-dependent manner (RvD1)

RvD1 protects periodontal ligament
Increases 14-HDHA

Increases 12-LO

Reduced MaR-1

Treatment of macrophages with MaR1 rescues
phagocytosis and bactericidal activity
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