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Abstract

It has become clear in recent years that periodontitis is an inflammatory disease initiated by oral
microbial biofilm. This distinction implies that it is the host response to the biofilm that destroys the
periodontium in the pathogenesis of the disease. As our understanding of pathways of inflammation
has matured, a better understanding of the molecular basis of resolution of inflammation has emerged.
Resolution of inflammation is an active, agonist-mediated, well-orchestrated return of tissue
homeostasis. There is an important distinction between anti-inflammation and resolution; anti-
inflammation is pharmacologic intervention in inflammatory pathways, whereas resolution is
biologic pathways restoring homeostasis. A growing body of research suggests that chronic
inflammatory periodontal disease involves a failure of resolution pathways to restore homeostasis.
This article reviews the resolution of inflammation in the context of periodontal disease and the
potential for the modification of resolution pathways for the prevention and treatment of periodontal
diseases. Proof-of-concept studies in the 1980s demonstrated that pharmacologic anti-inflammation
prevented and slowed the progression of periodontal diseases in animals and man. However, the side-
effect profile of such therapies precluded the use of non-steroidal anti-inflammatory drugs or other
enzyme inhibitors or receptor antagonists in periodontal therapy. The isolation and characterization
of resolving agonist molecules has opened a new area of research using endogenous lipid mediators
of resolution as potential therapeutic agents for the management of inflammatory periodontitis. Work
in animal models of periodontitis has revealed the potential of this therapeutic approach for its
prevention and treatment and forced the reconsideration of our understanding of the pathogenesis of
human periodontal diseases.
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Infection by Gram-negative microorganisms is now well-recognized as the primary etiologic
determinant of periodontal disease.l However, the precise spectrum of microbial flora within
the biofilm that is directly responsible for eliciting periodontitis has not been established.2
Although cross-sectional studies? associated certain pathogens, such as Porphyromonas
gingivalis, with periodontitis, the cause-and-effect relationship of specific microbes remains
to be determined in longitudinal studies. However, it is increasingly clear that when the host-
mediated response to the biofilm is left unchecked, tissue and bone of the periodontium are
destroyed in the pathogenesis of the disease.1:3 Although an acute inflammatory response that
is resolved in a timely manner prevents tissue injury, inadequate resolution and failure to return
tissue to homeostasis results in neutrophil-mediated destruction and chronic inflammation.!
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Attempts to intervene and inhibit an exuberant inflammatory response in tissues have
traditionally involved the use of pharmacologic agents, such as non-steroidal anti-
inflammatory drugs (NSAIDs), which antagonize proinflammatory pathways and/or signaling.
4 However, a greater understanding of the pathways and processes underlying resolution of
inflammation has led to increased interest in proresolving lipid mediators that contribute to the
restoration of tissue homeostasis. It is now clear that resolution of inflammation is an active
process, rather than a passive decay of proinflammatory signal5,273 requiring the activation of
proresolving molecules to neutralize and eliminate inflammatory leukocytes and, thereby,
prevent pathology.ll":)’v4 Such proresolving molecules include lipoxins that are endogenously
produced from the metabolism of arachidonic acid (AA) and are responsible, at least in part,
for the restoration of homeostasis.2 Accordingly, these lipoxins, or their more stable aspirin-
triggered form (ATL), act as agonists that control the resolution phase of acute inflammation
and promote healing of the lesion.2:2:6 A number of other proresolving molecules have been
elucidated that derive from omega-3 polyunsaturated fatty acids (PUFAS) rather than AA. Such
molecules include resolvins and protectins, which share similar proresolving properties as
lipoxins, acting as agonists stimulating the resolution of inflammation. These newly identified
lipid mediators represent a potentially powerful intervention that stimulates resolution
pathways leading to the restoration of homeostasis, possibly without the multiple side effects
ascribed to traditional anti-inflammatory antagonist-based treatments.”

PHYSIOLOGIC PROCESSES INVOLVED IN THE RESTORATION OF TISSUE
HOMEOSTASIS

It is increasingly apparent that an essential goal for intervention in inflammatory disease is the
return of tissue to homeostasis. As such, the rapid and complete elimination of invading
leukocytes from a lesion is the ideal outcome following an inflammatory event.2 Such a task
becomes more daunting when an acute inflammatory response has progressed to chronic
inflammation with associated destruction of the cellular matrix, scarring, fibrosis, and features
characteristic of incomplete healing. As such, a timely and appropriate host response is
necessary to prevent the progression of an acute inflammatory response to chronic disease and
possibly, increase the likelihood of restoration of homeostasis. In periodontal disease, typical
intervention procedures, such as root planing, boast some success in removing etiologic agents
associated with inflammation, thereby helping to arrest periodontal disease. However, such
procedures do not offer the necessary resolution of inflammation to restore tissue homeostasis.

Perhaps counterintuitively, restoration of tissue homeostasis through resolution pathways is
initiated following an acute inflammatory response that generates lipid mediators of
inflammation, including the classic eicosanoids, prostanoids (e.g., prostaglandins and
thromboxanes) and prostacyclins, as well as leukotrienes (LTs). Such lipid mediators are
produced upon agonist stimulation of G-protein receptors in the cell membrane, triggering the
conversion of phosphatidylcholine to AA by the enzyme phospholipase A2.8 The AA released
is metabolized by one of two pathways: a cyclooxygenase (COX)-1 and -2—dependent pathway
that results in the generation of prostanoids or a 5-lipoxygenase (5-LO)-dependent pathway
that results in LT synthesis (Fig. 1).8 The proinflammatory actions of prostanoids and LTs are
implicated in a wide range of pathophysiologic processes associated with periodontal disease,
including inflammatory cell recruitment, edema, pain, collagen destruction, and bone
resorption.

Late in the inflammatory process when there is a high concentration of cells containing
lipoxygenases and corresponding proinflammatory products, such as prostaglandin E,
(PGEy), a “class switch” may occur within neutrophils.zv10 This class switch gives rise to the
synthesis of proresolving molecules through pathways that are spatially and temporally distinct
from those involved in the generation of proinflammatory lipid mediators.2:10 Activation of
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these pathways that promote resolution occurs through cell—cell interactions in which 15-S-
hyroxy-(p)-eicosatetraenoic acid (15-S-H(p)ETE) is produced from oxidation of AA by 15-
LO through the process of transcellular biosynthesis. Accordingly, 15-S-H(p)ETE is further
acted on bg 5-L0O to induce the synthesis of lipoxins, such as lipoxins A4 (LXA4) and B4
(LXB4).1v The lipoxins produced act as agonists to stimulate the resolution of inflammation
and promote the restoration of tissue homeostasis through a number of mechanisms involving
the regulation of leukocyte function. These include limiting polymorphonuclear neutrophil
(PMN) migration into sites of inflammation, activating monocytes with a nonphlogistic
phenotype (e.g., without the generation of a superoxide anion), and stimulating the uptake of
apoptotic PMNSs by macrophages.ll'13

Aspirin (ASA) is unique from other NSAIDs: when the lipoxin pathway is activated in the
presence of ASA, acetylation of the COX-2 enzyme occurs to inhibit further production of
prostanoids from AA metabolism while inducing the synthesis of 15—R—H(p)ETE.1 With
release of this 15-R-H(p)ETE, transformation to 5(6)-epoxytetraene occurs through
transcellular biosynthesis in association with 5-LO activity. The 5(6)-epoxytetraene
intermediate is then transformed to 15-epi-LXs or ATLs,L which are a more bioactive form of
native lipoxin and possess more powerful proresolving properties.lvl‘lv15

The generation of lipoxins or ATLs triggered by “first-phase” proinflammatory lipid mediators
may explain the potentially serious cardiovascular consequences of the chronic use of selective
COX-2 antagonists. Inflammation is a multifactorial process, and a single “pan-
inflammatory”4 agent does not exist that antagonizes all deleterious pathways involved while
preserving the resolution pathways.3 As such, one of the unfortunate consequences of
antagonism of a single enzymatic pathway, such as through NSAIDs specifically inhibiting
COX-2 function (e.g., rofecoxib, valdecoxib, and celecoxib), is the prolongation of the
resolution of inflammation. Although inhibition of the COX-2 pathway through use of these
NSAIDs may attenuate acute inflammatory effects, the corresponding reduction in lipid
mediators, such as PGE,, would fail to generate proresolving lipoxins that are required for
restoring homeostasis in tissues.10 The resulting chronic low-grade inflammation may explain
findings of increased myocardial risk in individuals receiving long-term treatment with
selective COX-2 inhibitors. 16

LIPOXIN ANALOGS PREVENT POLYMORPHONUCLEAR NEUTROPHIL-
INDUCED INFLAMMATORY CHANGES IN A MOUSE MODEL OF ACUTE
INFLAMMATION

With the generation of lipoxins suggested to stimulate resolution of inflammation in tissues
and possibly restore homeostasis, the question arises as to whether “adding back” analogs of
these molecules may offer some therapeutic advantage. Stable analogs of lipoxins prepared
through total organic synthesis selectively interacted with lipoxin receptors in neutrophils in
vitro, and the potential of these analogs as proresolving compounds was subsequently explored
in an animal model of PMN-mediated tissue injury.1 18 Lipoxin analogs (e.g., LXAy,
LXB,4, and ATL) or vehicle control (acetone) were applied topically to ear skin in a mouse,
followed by application of the proinflammatory mediator leukotriene B4 (LTB,) to the same
site to determine the effects on induction of an inflammatory response.17 Although significant
alterations in PMN-induced vascular permeability, as well as PMN infiltration, occurred at the
site with application of vehicle control, such inflammatory changes were not apparent with
lipoxin-analog treatment.1” As such, the topical application of LXAy4, LXBy, and ATL to the
ear skin profoundly inhibited the infiltration of PMN, as well as the vascular permeability
changes associated with LTB, application.
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RESOLVINS AND PROTECTINS AS NOVEL PRORESOLVING LIPID
MEDIATORS

New classes of proresolvmg lipid mediators have been identified in addition to endogenously
derived lipoxins and ATLs. 5'such novel lipid molecules include resolvins and protectins and
are derived from the omega 3 PUFAs, eicosapentanoic acid (EPA) and docosahexanoic acid
(DHA), rather than AA.2 Although EPA is metabolized to the resolvin E series (RVEs), DHA
forms docosatrienes (also known as the resolvin D series [RvDs]) as well as protectins (or
neuroprotectins in neural tissues) (Fig. 2). 2,5 Although resolvins and protectins stimulate anti-
mflammatory and proresolving pathways similar to the lipoxins, their mechanisms of action
differ,” with binding occurring to distinct sites on inflammatory cells. 2,5,19 s with the lipoxin
generation of ATL, the coadministration of aspirin increased the stability and duration of the
action of resolvins and protectins.zl20

Resolvins stimulate the resolution of inflammation through multiple mechanisms, including
preventing neutrophil penetration, phagocytosing apoptotic neutrophils to clear the Iesion and
enhancing clearance of inflammation within the lesion to promote tissue regeneration.

1-23 gych proresolving functions result in a shift in inflammatory response to a shorter
resolution interval, which may help to prevent progression of an acute inflammatory response
to chronic inflammation.” The more rapid resolution of acute inflammation associated with
resolvin and protectin function may underlie the beneficial effects of dietary consumption of
the omega-3 PUFAs, EPA and DHA, in some inflammatory human diseases.2422

P. GINGIVALIS-INDUCED EXPERIMENTAL MODEL OF PERIODONTITIS

With resolvins and protectins associated with proresolving properties that may serve to
stimulate restoration of tissue homeostasis, the possibility that synthetic analogs of these
molecules represent effective intervention was explored further.2:726 As such, an
experimental model of periodontitis was established in which ligatures were placed bilaterally
to the second premolars of both mandibular quadrants.26 To induce an inflammatory response,
P. gingivalis was subsequently applied to the ligatured sites three times a week (alternate days)
for 6 weeks. Initial characterization of the rabbit model involved intramuscular administration
of the anti-infective agent systemic metronidazole (MTZ; 50 mg, every other day) to determine
the infectious properties of the lesion.

An inflammatory response was apparent with application of P. gingivalis to the ligatures over
a 6-week period, giving rise to profound inflammation and considerable tissue destruction.
26 Histologic and radiologic findings supported frank inflammation and a profound loss of
collagen and bone on infected ligatured teeth, as well as infrabony (vertical bone loss) defects.
In control animals, ligature placement alone was not sufficient to induce disease, with bone
and the supracrestal fiber network largely intact and only a mild inflammatory infiltrate over
the 6-week period. Systemic MTZ administered at the time of ligature placement along with
P. gingivalis induced bone loss to a similar extent as ligature alone (16.0% + 2.2% and 10.0%
+1.5% for MTZ and control groups, respectively), whereas significantly greater bone loss was
observed in the group that received P. gingivalis applied to the ligature (43.0% = 4.6%; P
<0.05) over the 6-week period.

RESOLVIN E1 (RvE1l) PREVENTS INFLAMMATION AND BONE LOSS IN
EXPERIMENTAL PERIODONTITIS

Following characterization of the P. gingivalis—induced rabbit model of periodontal disease,
the possibility that to |cal treatment with RvE1 prevents mﬂammatron induced tissue and bone
loss was explored 6 RVEL, prepared by total organic synthesrs 7,28 \yas topically applied
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to P. gingivalis—ligatured teeth (4 pg/tooth) three times a week in the rabbit model over a 6-
week study period. Control groups received the same frequency of topical application of vehicle
(ethano6) together with P. gingivalis application to ligatured teeth or placement of ligature
alone.2 Macroscopic evaluation at the end of the 6-week period demonstrated frank
inflammation, as well as tissue and bone loss, in the buccal and lingual mandibular region of
rabbits receiving non-RvE1 vehicle control, suggesting significant progression of periodontal
disease. In addition, a profound increase in bone-resorbing osteoclasts was observed
histologically, with osteoclast proliferation increasing with closer proximity to the ligature, as
well as prominent leukocyte infiltrates and collagen loss. This was in contrast to findings with
RVEL1 application, in which the development and progression of periodontal disease seemed
to be prevented, with essentially no neutrophils or tissue damage observed. There was a
remarkable absence of inflammatory changes and osteoclast proliferation, and bone remained
largely intact. Correspondingly, mean alveolar bone Ioss was significantly reduced with RvE1
treatment or ligature alone compared to vehicle control.2 Radiographic evidence also
demonstrated a significantly reduced percentage of bone loss associated with RVE1 treatment
(<5%) over the 6-week period compared to vehicle controls (~35%) or ligature alone (~12%)
(P <O0. 05)

TREATMENT WITH RvE1 CONTROLS INFLAMMATION AND RESTORES
BONE LOSS IN EXPERIMENTAL PERIODONTITIS

Having established that RvE1 has the potential to prevent the onset and progression of
periodontitis, the question of Whether RVE1 had positive actions in the treatment of established
periodontitis was addressed.27 As before, experimental periodontitis was induced for 6 weeks
through placement of ligatures tied bilaterally to mandlbular quadrants, with topical application
of P. gingivalis on alternate days, three times a week.” A first group of animals was then
sacrificed, representing the non-treatment periodontal disease group (baseline disease). The
remaining groups received RVEL treatment or vehicle control three times a week for an
additional 6 weeks, without further application of P. gingivalis, prior to sacrifice at week 12.

Rabbits sacrificed after the first 6 weeks of P. gingivalis application to the ligature
demonstrated significant periodontal inflammation, soft tissue and bone loss, and infrabony
pocketlng Further progression of periodontal disease was observed with vehicle control over
the subsequent 6-week period, with inflammation and bone loss comparable to baseline disease
but with more severe infrabony pocketing, as well as fibrosis and tissue loss adjacent to the
ligatures. Profound staining of osteoclasts and osteoclast-like cells was also detected in
periodontal tissues of the baseline disease and vehicle control groups. In contrast, treatment
with RVE1 was associated with essentially complete resolution of inflammation, resulting in
the restoration of soft and hard tissues. As such, there was a remarkable absence of
inflammation, as well as restoration of all interproximal tissues and bone with RvVE1 treatment
and an absence of osteoclasts associated with bone. Such findings translated to a significant
reduction in soft tissue probing depth (the distance between the crest of the gingival and soft
tissue attachment on the tooth surface), hard tissue crestal distance measurements, and
infrabony defect depth compared to the baseline disease and vehicle control groups (P <0.01).
In addition, RVE1 treatment almost completely restored the ~30% bone loss detected in
baseline periodontal disease (Fig. 3), whereas a further 13% bone loss was incurred with
application of vehicle control over the subsequent 6-week period. Such bone loss with vehicle
control was comparable to that induced by lipid mediators of similar structure to RvE1 topically
applied following the induction of baseline disease at 6 weeks (i.e., an additional ~18% and
~9% bone loss with PGE, and LTB, respectively). Accompanying bone growth with RvE1
treatment was the formation of new periodontal ligament, connective tissue, and cementum,
which suggested regeneration of the natural architecture of the periodontal organ.
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EFFECTS OF RvE1l ON BIOFILM COMPOSITION IN A RABBIT MODEL OF
EXPERIMENTAL PERIODONTITIS

With RVEL treatment appearing to stimulate the resolution of inflammation and the restoration
of bone loss in a rabbit model of experimental periodontitis, the possibility that a shift occurs
in the balance of microflora in the biofilm was investigated.7 There is a precedent for the highly
dynamic nature of the biofilm composition, with factors, such as those that modify pH, shown
to induce significant changes in the balance of microbial species present.29 Nevertheless, a
significant reduction in viable counts of oral microflora as a result of the direct actions of RVE1
was not anticipated based on previous studies? that failed to demonstrate significant
antibacterial action over vehicle (ethanol) treatment alone.

Experiments were performed using DNA-DNA checkerboard hybridization analysis using
probes to organisms isolated from the human periodontium; hence, positive signals represent
the same or similar species that colonize the rabbit. Results demonstrated that microbial species
present in rabbit periodontium prior to ligature placement included anaerobic and aerobic
bacteria and largely consisted of Actinomyces viscosus— and Parvimonas micra (previously
Peptostreptococcus micros or Micromonas micros)-like organisms.7 Introduction of P.
gingivalis to the ligatures over a 6-week period, followed by application of vehicle control for
an additional 6 weeks, induced the expression of this microorganism in 90% of plague samples
tested and resulted in greater complexity of microflora in the biofilm (Table 1). A
corresponding shift in composition to more pathogenic, anaerobic flora, as well as a significant
increase in several microbial species (e.g., A. viscosus—, P. micra—, Prevotella intermedia—,
Streptococcus intermedius—, and Eikenella corrodens—like organisms), the emergence of
previously undetected species in addition to P. gingivalis (e.g., Aggregatibacter
actinomycetemcomitans [previously Actinobacillus actinomycetemcomitans]— and
Fusobacterium nucleatum-like organisms), a reduction in the concentrations of certain
microbes (e.g., Capnocytophaga curva—and C. rectus—like organisms), and an overall increase
in bacterial load occurred during this time. With RvVE1 treatment following the induction of
baseline disease, the complexity of the microflora was greatly simplified in association with
the reduction in inflammation and periodontal tissue destruction observed in this animal model.
A reversion in P. gingivalis concentrations was observed, back to the negligible levels
originally detected in healthy tissues prior to ligature placement. In addition, the composition
of the biofilm overall generally approximated that observed in healthy tissues, with only one
exception (i.e., an increase in a P. intermedia—like organism).

The reasons for a reduction in the complexity of biofilm composition with RvVE1 treatment
remain unclear, given the absence of direct antibacterial properties. One possibility is that
resolvin molecules promote the release of antimicrobial peptides, such as defensins and
bactericidal/permeability-increasing protein, resulting in the destruction of select
microorganism’s.:"'0 A second possibility is that P. gingivalis, being an asaccharolytic organism
that requires essential amino acids as its food source, survives on peptides formed by the
degradation of collagen fragments, such as those produced during an inflammatory response.

As such, an inflammatory state is a more hospitable environment for bacteria, with formation
of deep pockets favoring the survival of certain species. Such an explanation would suggest
that the magnitude of inflammation generated by the host determines the composition of flora
within the biofilm, which is a corollary to the hypothesis that the microbialspecies present sets
the threshold for the inflammatory response.

CONCLUSIONS

Although the primary etiologic basis for periodontal disease seems to be bacterial, the excessive
host inflammatory response and/or inadequate resolution of inflammation may be critical to
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the pathogenesis of periodontitis. Emphasis has traditionally been placed on the deleterious
actions of lipid mediators, such as prostanoids and LT, in propagating the inflammatory
response and enhancing tissue destruction. However, a class shift is now apparent that results
in the production of proresolving compounds, such as lipoxins, and their more stable and
bioactive form, ATL. Such endogenous production of lipoxins and ATL, in addition to the
more recently elucidated resolvins and protectins, seems to be important for stimulating
resolution pathways and restoring tissues to homeostasis. The proresolving functions of these
lipid mediators in stimulating the restoration of homeostasis through agonist actions on
neutrophils differ from the traditional pharmacologic approach of antagonizing select
proinflammatory pathways. In a P. gingivalis—induced rabbit model of experimental
periodontitis, RvE1 was potent when topically applied, demonstrating remarkable efficacy in
the prevention and treatment of periodontal disease. As such, targeted agents, such as RvEL,
that stimulate the resolution of inflammation may offer some therapeutic advantage in the
treatment of periodontitis compared to more traditional pharmacologic interventions.
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Figure 1.

Phospholipase A, (PLA,) catalyzes phosphatidylcholine into AA in response to agonist
stimulation of a G-protein—coupled cell surface receptor. AA acts as a substrate for COX
activity to produce prostanoids (e.g., prostaglandins and thromboxanes) and prostacyclin,
whereas leukotrienes are generated by 5-LO. The LO-LO pathway produces lipoxins, whereas
aspirin triggers the production of 15-epi-lipoxins from AA through acetylation of COX-2.
Through this pathway, 15-epi-H(p)ETES are produced, which are then converted to lipoxins
by transcellular biosynthesis using 5-LO from neutrophils. Nonsteroidal anti-inflammatory
drugs (NSAIDs) act through antagonism of COX-1 and -2 enzymes. Reprinted with permission
from the International and American Associations for Dental Research.8
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Figure 2.

Chemical mediators involved in the initiation of acute inflammation, such as prostaglandins
(PGs) and LTs, induce “class switching” toward proresolving lipid mediators. The proresolving
mediators include -6 PUFAS, AA-derived LXs, ATLS, ©-3 PUFA EPA-derived RVEs,
docosahexaenoic acid (DHA)-derived RvDs, and protectins (PDs) (or neuroprotectins in neural
tissues). Reprinted with permission from Macmillan Publishers, copyright 2008.
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Figure 3.

Although baseline periodontal disease at 6 weeks resulted in ~30% bone loss, RVE1 treatment
over the subsequent 6 weeks restored ~95% of the lost bone. Groups treated with vehicle alone,
LTBy4, and PGE, showed an additional ~13%, 9%, and 18% bone loss, respectively. *P <0.05.
Copyright 2007 The American Association of Immunologists.7
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Modification of Composition of Flora Within Biofilm With the Introduction of P. gingivalis to Healthy Tissues,
Baseline Periodontitis, and Subsequent RvVE1 Treatment in a Rabbit Model of Experimental Periodontitis

Amount of Detected Bacteria*

Microbial Species Healthy Baseline RVE1
Periodontitis Treatment

A. actinomycetemcomitans 0 15+ 0_7Jr 0

P. gingivalis 0 47+13" 0

A. odontolyticus 0 0

A. VisCOsus 24+0.7 39+16" 22+11
A. israelii 0 0 0

P. micra 2.6+0.9 41+1.47 24+0.9
P. intermedia 0.1+04 1.7+ o,gJr 16+07
P. nigrescens 0 0 0

C. curva 03+08 0 0

C. rectus 0.7+0.6 0 0

S. oralis 0 0 0

S. intermedius 05+04 21+08' 1.1+0.7
T. forsy'(hiai 0 0 0

T. denticola 0 0 0

E. corrodens 15+£0.7 3.8+ 1,2Jr 1.4+0.8
F. nucleatum 0 24+11" 10+06"
E. coli 0 0 0

E. faecalis 0 0 0

Copyright 2007. The American Association of Immunologists.7

*
Chemiluminescence units (scale of 0 to 5 with 0 indicating no signal): 1 = undetectable <104 bacteria; 2 = 105 bacteria; 3 = >10° but <106 bacteria; 4
= 106 bacteria; and 5 = >106 bacteria.

fP <0.05 compared to healthy.

iPrevioust T. forsythensis.
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