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Periodontal disease is a microbe-induced chronic inflammatory condition that leads to gingival
inflammation, periodontal tissue destruction, and alveolar bone loss (108). Certain anaerobic
gramnegative bacteria within the plaque biofilm are the major etiological agents of periodontal
disease (62). However, as our understanding of the pathogenesis of periodontal diseases
expands, it is becoming clear that most of the tissue damage that characterizes periodontal
disease is caused indirectly by the host response to infection rather than directly by the
infectious agent (121). Investigations into the mechanisms of the host-mediated response in
periodontal disease have revealed that it involves the activation of the broad axis of innate
immunity, specifically by upregulation of proinflammatory cytokines from monocytes/
polymorphonuclear leukocytes, and downregulation of growth factors from macrophages
(79). The host response in periodontal disease is characterized by the production of
inflammatory mediators, cytokines, chemokines, and matrix metalloproteinases (prostaglandin
E2, interleukin-1, interleukin-6, tumor necrosis factor-α, interleukin-8, and matrix
metalloproteinase-1) (78). Lipopolysaccharide is one of the most important microbial virulence
factors in generating host-mediated periodontal tissue destruction (62,108). It has been shown
that the level of a wide range of inflammatory mediators increases in response to
lipopolysaccharide from periodontal pathogens (121).

Prominent inflammatory mediators associated with periodontal disease include the arachidonic
acid-derived products leukotriene B4 and prostaglandin E2. Many of the pathophysiological
events that occur in periodontal diseases can be explained to a large extent by the activities of
lipid mediators (77,118). Prostaglandin E2 is a potent stimulator of bone loss that is the hallmark
of periodontal disease (118). Levels of prostaglandin E2 are significantly elevated in the
crevicular fluid of patients with periodontal infections compared to that of healthy controls,
and these levels correlate with disease severity and aggressiveness, and constitute a reliable
indicator of ongoing periodontal tissue destruction (77).

Diabetes mellitus comprises a heterogeneous group of disorders characterized by altered
glucose tolerance, and impaired lipid and carbohydrate metabolism. It is associated with a
number of complications directly resulting from hyperglycemia (115). Most of these
complications are vascular in nature such that macrovascular changes in diabetes lead to
increased risk of myocardial infarction and stroke as a result of atherosclerosis (64), while
diabetic microvascular pathology includes retinopathy, end-stage renal disease, a variety of
debilitating neuropathies, poor wound healing, enhanced risk of infection, and periodontal
disease (5,6,23,63,106). The hyperglycemic state is also associated with activated innate
immunity, which is characterized by higher levels of inflammatory cytokines including tumor
necrosis factor-α, interleukin-1β, and interleukin-6 (17,21,27,32,125). Moreover, specific
inflammatory immune cell phenotypes are characterized by enhanced monocyte/
polymorphonuclear leukocyte adhesion to endothelial cells, and expression of adhesion
molecules (endothelial cell leukocyte adhesion molecule-1, vascular cell adhesion molecule-1,
and intracellular adhesion molecule-1) on endothelial cells and leukocytes (46,82).

An abundance of information accumulated from studies on the complications of diabetes and
periodontal disease has revealed that a hyperactive innate immune response may be the
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antecedent of both diseases, which probably have a synergistic effect when they coexist in the
host (35). This relationship is illustrated by a number of studies demonstrating that the
prevalence of periodontitis in diabetics is significantly higher, and that effective treatment of
periodontitis may improve some diabetic complications and hyperglycemia. Moreover, the
effective treatment of periodontal infection and the reduction in periodontal inflammation
resulted in lower levels of glycated hemoglobin (34,73). The mechanisms by which
hyperglycemia can induce periodontal destruction have yet to be fully elucidated. Studies on
diabetic complications suggest that the activation of the innate immune response may be
mediated through several pathways. For example, the nonenzymatic reaction of glucose with
the basic amino acids lysine and arginine in proteins leads to both extra- and intracellular
accumulation of irreversible advanced glycated end products (AGE). Accumulation of AGE
would in turn modulate the cellular function and alter tissue structure (89). Hyperglycemia can
affect cell-signaling transduction, in particular activation of diacylglycerol and protein kinase
C, which are important signaling molecules responsible for cell function. Hyperglycemia is
also shown to increase the oxidative stress via protein kinase C-dependent activation of
nicotinamide adenine dinuclotide diphosphate (NADPH) oxidase (an enzyme that catalyzes
superoxide and peroxide generation) in neutrophils and other phagocytes (43,52). Recent
experimental evidence has established the role of these abnormalities in diabetics with
periodontal disease (48). Additionally, impaired tissue healing in diabetes is a significant
phenomenon that is associated with the establishment of persistent chronic inflammation.

Resolution of inflammation as an active natural process is a relatively new concept. Resolution
is controlled by endogenous ‘pro-resolving’ lipid mediators that act as a ‘stop signal’ for
leukocyte trafficking into the inflamed site, reversing vasodilatation and vascular permeability,
and leading to restoration of the diseased tissue (7,57,72,100,101,103,104). These endogenous
lipid mediators provide an opportunity for counterregulation of inflammatory responses based
on manipulation of new pathways that may affect diabetic complications including periodontal
disease. Our expanded understanding of the pathogenesis of periodontal disease in diabetics
has led to the hypothesis that long-term hyperglycemia supports anaerobic infection in
periodontal tissue in an environment of exacerbated innate immunity. Persistent hyperglycemia
results in chronically activated innate immunity establishing chronic inflammation in various
organ systems (vasculature, eye, and kidney) including the periodontium by either blocking or
suppressing pathways of resolution. This paper examines the role of innate immunity,
inflammation, and resolution of inflammation as essential components in the development of
diabetic complications including periodontal disease.

Activation of innate immunity and inflammation in diabetes
The innate immune system is the first line of defense against infectious, chemical, or physical
injury. Innate immunity is based on non-lymphoid tissue components, as well as a series of
sentinel cells such as macrophages, mononuclear antigen-presenting cells, dendritic cells,
endothelial cells, adipocytes, and neutrophils. Cells of innate immunity use a number of soluble
and cellular receptors called pattern recognition receptors, which recognize harmful molecular
structures (70). Toll-like receptors are the most studied pattern recognition receptors that are
present at the cell surface as transmembrane receptors. The toll-like receptor that recognizes
lipopolysaccharide on macrophages (toll-like receptor-4) and the receptor for AGE (RAGE)
are members of this group (61). Binding to pattern recognition receptors activates the nuclear
factor-κjB signaling pathway that induces immune response genes, especially those for
inflammatory cytokines, which are the main initiators of inflammation and the acute-phase
response (84). Another important function of innate immunity is to control the adaptive immune
response through class II histocompatibility complex on antigen-presenting cells and
costimulatory molecules (CD80 and CD86) (69).
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Research has shown that inflammatory mechanisms are involved in the development of diabetic
complications. Pickup and co-workers introduced the concept that chronic subclinical
inflammation and activation of innate immunity are involved in the pathogenesis of the
disease’s complications (85,86). Inflammation comprises a pathophysiological series of events
generated by the host in response to infection or other injuries. The primary events of
inflammation are derived from vascular reactions at the site of injury leading to exudation of
fluid and plasma proteins and recruitment of immune cells to the injury site. Inflammation
serves as the first step in the initiation of the immune response, through which the infection is
eliminated and the injury is repaired (57). In chronic inflammation, the persistence of the
inflammatory response leads to host tissue destruction and may result in irreversible
pathological changes. Several inflammatory mediators are important in the initiation and
progression of inflammation. Recruitment of inflammatory cells, such as mast cells, platelets,
and leukocytes, is the key event in the inflammatory response. These proinflammatory cells
are capable of generating inflammatory mediators that can amplify the host immune response
(57). Proteins such as cytokines and chemokines, low molecular weight lipids derived from
arachidonic acid such as prostaglandin E2, gases like nitric oxide and carbon monoxide,
reactive oxygen species, and nucleotides are recognized as important inflammatory mediators
(102).

Inflammatory cytokines are the most studied aspect of inflammation in relation to
hyperglycemia. Tumor necrosis factor-α, interleukin-6, and interleukin-1β have been shown
to be markedly elevated in diabetes (87,96,110). The source of tumor necrosis factor-α in
human plasma has yet to be determined; however, it has been shown that macrophages from
diabetic patients release more tumor necrosis factor-α than healthy control macrophages (92).
Furthermore, high glucose can activate monocytes and induce the expression of tumor necrosis
factor-α via oxidant stress and nuclear factor-κB transcription factor (36). Other studies have
indicated that there is a pattern of these cytokines associated with the increased risk for diabetes
rather than an isolated elevation of the respective cytokine (20). Other indicators of
inflammation have been reported to be elevated in diabetes. These include increase in
acutephase proteins, cytokines, and mediators of endothelial activation (24). Prostaglandin
E2 and nitric oxide were also reported to be elevated in diabetic retinopathy in animals, and
may be associated with the diabetic microvascular complications (88).

Mechanisms of diabetic complications
Long-term complications of diabetes are mainly associated with prolonged hyperglycemia.
Several studies have explained the biochemical pathways that lead to vascular complications.
These include increased polyol pathway flux (sorbitol/aldose reductase) and oxidative stress,
increased formation of AGE, and accumulation of diacylglycerol and activation of protein
kinase C (53,95,105).

Oxidative stress
Through the polyol pathway, glucose is oxidized to sorbitol and then to fructose using aldose
reductase and sorbitol dehydrogenase, respectively. The oxidation reaction uses NADPH as a
cofactor. The over-consumption of NADPH may have a deleterious effect on cellular
homeostasis by altering the redox balance, so causing increased intracellular oxidative stress
(25,76). Oxidative stress is an imbalance between the production of reactive oxygen species
and antioxidant defense, leading to tissue damage. The produced reactive oxygen species, such
as superoxide anion, hydroxyl radical, and peroxyl radical, result in damage to many biological
molecules including DNA, lipids, and protein and prolonged existence of these reactive oxygen
species promotes severe tissue damage and cell death (38,65). Reactive oxygen species can act
as second messengers and activate a number of serine/threonine and tyrosine protein kinases
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(19,58,67). Oxidative stress is thought to play a causative role in the pathogenesis of diabetes
and its complications and has been shown to increase insulin resistance both in animal models
and in diabetic patients (3,22,19,58). It has been well demonstrated that hyperglycemia is a
major factor responsible for the activation of oxidative stress (10,11,68,74); however, little is
known about the precise cellular mechanisms responsible for the generation of reactive oxygen
species in the diabetic tissues (10,19). Previously, it was postulated that high glucose could
activate reactive oxygen species via multiple processes, such as enhanced formation of AGE,
dysfunction of the mitochondrial electron transport chain, and activation of the plasma
membrane NADPH oxidase (3,10). Among these possibilities, recent attention has been
focused on NADPH oxidase as a potential source of reactive oxygen species production in
diabetic/hyperglycemic conditions (44,58). This enzyme, which has been found primarily in
phagocytic cells (2), was recently shown to exist in non-phagocytic cells, such as endothelial
cells, vascular smooth muscle cells, fibroblasts, and adipocytes (37,47,49,55,66). Current
evidence suggests that protein kinase C may regulate the activation of NADPH oxidase (4,
40,44,58). With this in mind, our group examined the superoxide-generating NADPH oxidase
complex and protein kinase C activity in neutrophils in 50 diabetic patients, grouped according
to glycemic control. Neutrophils from moderately or poorly controlled diabetic patients
released significantly more superoxide than neutrophils from patients with good glycemic
control and from non-diabetic healthy individuals. Moreover, neutrophils from these patients
exhibited increased activity of protein kinase C, elevated amounts of diacylglycerol and
enhanced NADPH oxidase activity. This suggests that hyperglycemia can lead to neutrophil
priming (activation) where elevated protein kinase C activity results in increased oxidative
stress (48).

Increased formation of AGE
Glucose reacts with proteins to form Schiff bases, which are then transformed into Amadori
products (116). The Amadori products are degraded into highly active compounds that can
react with proteins to form AGE. AGE can directly affect normal protein function, or indirectly
act by reacting with RAGE on the cell membrane of a variety of cells (95). The potential
importance of AGE in the pathogenesis of diabetic complications is indicated by the
observation in animal models that two structurally unrelated AGE inhibitors prevented various
manifestations of diabetic microvascular disease in retina, kidney, and nerve (38,71,109). AGE
formation alters the functional properties of several important matrix molecules such as type
I collagen and laminin (12,112). In cell culture systems, AGE-RAGE interaction mediates
long-term effects on key cellular targets of diabetic complications such as macrophages,
glomerular mesangial cells, and vascular endothelial cells. These effects include the expression
of cytokines and growth factors by macrophages and mesangial cells (interleukin-1, insulin-
like growth factor-I, tumor necrosis factor-α, transforming growth factor-β, macrophage
colony-stimulating factor, granulocyte-macrophage colony-stimulating factor, and
plateletderived growth factor), and expression of endothelial cell adhesion molecules such as
vascular cell adhesion molecule-1 (1,15,51,94,107,122). RAGE has been shown to mediate
signal transduction through the generation of reactive oxygen species, which activates
transcription factor nuclear factor-κB (60,124). Consistent with this concept, the blockade of
RAGE in a murine model of diabetic periodontal disease diminished alveolar bone loss
probably by blocking the activation of innate immunity and oxidative stress (59). These
considerations suggest the possibility that the blockade of RAGE may provide an effective
approach in a range of diabetic complications including periodontal disease.

Activation of protein kinase C
Protein kinase C and diacylglycerol are essential intracellular signaling molecules. Protein
kinase C comprises a family of functional proteins derived from multiple genes and from
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alternative splicing of a single messenger ribonucleic acid transcript. Twelve isozymes of
protein kinase C have already been cloned and characterized. Translocation of protein kinase
C from the cytosol to the plasma membrane is the sign of protein kinase C activation, which
occurs in response to an increase of diacylglycerol or exposure to exogenous tumor-promoting
agents known as phorbol esters (42,54). The diacylglycerol-protein kinase C intracellular
signaling pathway is necessary for physiological cell responses to different extracellular
signals. Physiologically, protein kinase C activation can occur through receptor-mediated
phospholipase C or phospholipase D linked G-protein receptors, while pathological protein
kinase C activation may occur in diabetes in response to hyperglycemia by increases in
diacylglycerol levels primarily by de novo synthesis (42,54), by binding of extracellular AGE
to RAGE on the cell membrane, and by an increase in oxidative stress as a result of activation
of the polyol pathway. The three pathways result in activation of protein kinase C (50). This
activity may interfere with the normal cellular functions and may disrupt cellular responses to
the environment. In early experimental diabetes, the activation of protein kinase C-β isoforms
has been shown to mediate retinal and renal blood flow abnormalities (45), perhaps by
depressing nitric oxide production and/or increasing endothelin-1 activity. Activation of
protein kinase C has been implicated in the decreased glomerular production of nitric oxide
induced by experimental diabetes (14), and in the decreased production of nitric oxide in
smooth muscle cells that is induced by hyperglycemia (26). Activation of protein kinase C also
inhibits insulin-stimulated expression of the mRNA for endothelial nitric oxide synthase in
cultured endothelial cells (56). Hyperglycemia increases the activity of protein kinase C
isoforms in glomerular mesangial cells (29). The increased permeability of endothelial cells
induced by high glucose in cultured cells is mediated by activation of protein kinase C-α
(41). However, activation of protein kinase C by elevated glucose induces expression of the
permeability-enhancing factor vascular endothelial growth factor in smooth muscle cells
(123).

In early work, although specific inhibitors of aldose reductase activity, AGE formation, and
the protein kinase C activation pathway each abolished various diabetes-induced abnormalities
in cell culture and animal models, there was no apparent common element linking these
mechanisms of hyperglycemia-induced damage (18,28,38,45,71,109). It has now been
accepted that each of these different pathogenic mechanisms reflects a single hyperglycemia-
induced process: overproduction of superoxide by the mitochondrial electron-transport chain
(16,75).

Relationship between periodontal inflammation and diabetes
Periodontal disease and other complications of diabetes are inflammatory processes
characterized by activation of innate immunity and the subsequent host inflammatory response
(78,79,121). Periodontal inflammation is initiated by gram-negative bacterial infection of the
periodontal pocket (62,108), whereas, diabetic inflammatory complications are mainly a result
of hyperglycemia (115). Both diseases can modulate host immune response, such as
upregulation of inflammatory cell phenotype, elevation of proinflammatory cytokines, and
initiation of tissue damage. The outcome of activation of the inflammatory response in both
diseases is similar in many aspects. The inflammatory response in diabetes is diverse,
complicated, and affects a multitude of tissues and organs. The pathways of vascular tissue
complications in diabetes are mediated through the formation of AGE, and increased
production of reactive oxygen species by both activation of the diacylglycerol-protein kinase
C pathway (42,54,76,116) or increased activation of the polyol pathway (25,76). The
interaction between these mechanisms in the periodontium with pre-existing periodontal
disease provides insight into the exacerbated periodontal destruction in diabetics, and also may
explain why diabetic patients are at greater risk for periodontitis. Diabetes affects all
periodontal parameters, including gingival bleeding, probing depth, and attachment loss (9).
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Alveolar bone loss is also greater in diabetic patients when compared with that in nondiabetic
subjects (113). Additionally, periodontal disease occurs more frequently in diabetic patients
with poor metabolic control compared with healthy subjects, and diabetic subjects with good
metabolic control, respectively (73,114,117). These findings, coupled with the finding that
increased metabolic control decreases the incidence of diabetic complications (111,119,120,
121), would suggest that control of the pathological mechanisms in the tissues of diabetic
patients may be important in controlling periodontal destruction. However, some well-
controlled diabetics still experience some degree of periodontal damage (117). This suggests
that the diabetes-induced mechanisms of tissue destruction sometimes may not be reversible.
On the other hand, the effective treatment of periodontitis may improve diabetic complications
and glycemic status in type 2 diabetes (73), and effective treatment of periodontal infection is
associated with lower levels of glycated hemoglobin (34). Investigation into specific
pathological mechanisms of periodontal destruction in diabetics is underway. We have
demonstrated that a positive relationship/correlation exists between elevated levels of glycated
hemoglobin, enhanced superoxide release by neutrophils, and the severity of periodontitis in
diabetics (48). It was interesting to note that there were no differences amongst the diabetic
groups in other laboratory values, such as mean cholesterol, triglyceride, or high-density
lipoprotein, suggesting that the increased risk for inflammatory diseases, such as periodontitis,
in diabetes is linked to increased inflammation and oxidative stress mediated by the neutrophil.
Our finding is consistent with previous studies suggesting a reciprocal relationship between
diabetes and periodontal disease (34,35,73).

Tissue repair and resolution of inflammation in diabetes: potential for therapy
Tissue repair is a complex coordinated sequence of events involving migration of cells into the
healing site, inflammation, proliferation of different cell types, angiogenesis, formation of
matrix components, remodeling, and complete tissue repair. Impaired tissue healing is a
significant phenomenon in diabetic patients. Several molecular mechanisms have been
proposed to account for these pathophysiological effects. Two mechanisms, in particular, have
an important influence on the process of tissue repair in diabetes: the accumulation of AGE in
cells exposed to chronic hyperglycemia, and oxidative damage resulting from overproduction
of reactive oxygen species (4,12,15,38,40,51,71,83,94,107,109,112,122). The inflammatory
response following injury is an important event for rapid wound healing. In diabetes, initially
there is delayed influx of inflammatory cells into a wound site; however, when these cells
become established, then a state of chronic inflammation prevents deposition of matrix
components, remodeling, and eventual repair of the wound (31). This sustained inflammatory
response occurs after the accumulation of AGE in tissue and immune cells enhances the release
of proinflammatory molecules such as tumor necrosis factor-α and the production of
destructive matrix metalloproteinases, which impede tissue repair (31). The fibroblast is central
to the process of extracellular matrix deposition and remodeling. It functions both as a synthetic
cell, depositing collagen-rich matrix, and as a signaling cell, secreting growth factors that are
important for cell-cell communication during the repair process. Any impediment to fibroblast
function prevents normal healing and results in chronic, unhealed tissue. In a hyperglycemic
environment, the interaction of AGE with RAGE on fibroblasts may cause reduced deposition
of the collagen that is required for normal tissue repair (81). Bone healing is also reduced in
diabetes as reported in recent studies which demonstrated that 40% reduction in bone healing
was associated with increased RAGE expression in diabetic mice compared with non-diabetic
animals (91). Application of an AGE blocker to these lesions reduced bone healing in the non-
diabetic mice, providing further support for the role of AGE in tissue repair. In another study,
it was reported that diabetes reduced bone formation and enhanced apoptosis of osteoblasts in
bacteria-stimulated bone loss in an animal model (83).
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A deficiency or alteration in growth factor activity may contribute towards the delayed healing
seen in diabetes mellitus (80). Decreased growth factor (keratinocyte growth factor, vascular
endothelial growth factors, and platelet-derived growth factor) production, excess protease
activity, and/or increased microbial load are other aspects that may lead to impaired tissue
healing in diabetes mellitus. For example, in diabetic mice fibroblast growth factor-2
accelerated wound repair by stimulating angiogenesis and granulation tissue formation (80).
Diabetic wounds are well known to be slow to close, poor at forming granulation tissue, and
prone to sustained inflammation. It was found that administration of sRAGE (a decoy receptor
for AGE) in a murine diabetic wounding model led to accelerated wound closure, most likely
by decreasing the expression of proinflammatory cytokines and matrix metalloproteinases, and
by augmenting levels of angiogenic factors (31).

Research into the mechanisms of the resolution of inflammation as an active process controlled
by ‘proresolving’ mediators is a growing field. These mediators switch off leukocyte
trafficking to the inflamed site, reversing vasodilatation and vascular permeability and lead to
the restoration of inflamed tissue to its previous physiological function. Pro-resolving
mediators are derived from the lipoxygenase metabolism of arachidonic acid. Of particular
interest are a group of lipid mediators termed the lipoxins (98). Lipoxins are bioactive
eicosanoids derived from membrane arachidonic acid by the combined action of 5-
lipoxygenase and 12-lipoxygenase or 15-lipoxygenase (31). A number of recent in vitro and
in vivo studies have revealed that lipoxins, and specifically lipoxin A4, function as innate ‘stop
signals’, serving to control local inflammatory processes (102). Recently, we demonstrated
that inflammation is reduced in transgenic rabbits overexpressing 15-lipoxygenase that
generate enhanced levels of lipoxin. These rabbits are protected from the inflammatory bone
loss of periodontal disease while leukocytes from 15-lipoxygenase transgenic rabbits exhibited
enhanced lipoxin production. Moreover, the findings also suggested that lipoxin has potential
for novel approaches to disease therapy, such as in periodontitis complicated by diabetes where
the inflammatory response is activated and endogenous resolution of inflammation is
apparently suppressed. Further research is needed to characterize the mechanisms whereby
these pro-resolving mediators may be affected by hyperglycemia.

Chronic periodontitis in diabetics is a disease that is greatly affected by the inflammatory host
response as a result of gram-negative infection and by hyperglycemia-associated cellular/
molecular change. Therapeutic approaches dealing with chronic periodontitis in diabetics
should consider the amplified nature of the inflammatory response in this disease. Two main
approaches are considered: the antibacterial approach directed towards the gram-negative
infection, and the host modulation approach directed towards the inflammatory host products.
Host modulation therapy has considered the inhibition of matrix metalloproteinases with
antiproteinases such as doxycycline (30), blocking the production of the proinflammatory
cytokines and arachidonic acid metabolites with non-steroidal anti-inflammatory drugs (8),
and inhibiting osteoclastic activities with bone-sparing agents such as bisphosphonates (93).

A therapeutic approach to limit inflammation in diabetic vascular complications has targeted
the specific inflammatory mechanisms in diabetes (accumulation of AGE and increased
oxidative stress) (33,39,94,105,122). Interventions for each inflammatory mechanism have had
great efficacy in animal models but disappointing outcomes in clinical trials (10). It was
concluded that a cocktail of inhibitors might be necessary to effectively block these deleterious
cellular responses in a complex human model of fluctuating hyperglycemia (105). The
observation that inflammatory pathways reflect a single hyperglycemia-induced process,
namely oxidative stress, suggested that anti-oxidants could serve as a single agent in the
prevention of diabetes complications. Conventional antioxidants scavenge free radicals in an
inefficient stoichiometric manner so that one molecule of the antioxidant would be needed to
neutralize each free radical generated. Novel small molecular weight compounds that function
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as superoxide dismutase mimetics may offer more reliable benefits because of the catalytic
properties that could permit enzymatic detoxification (90). Administration of sRAGE in a
murine diabetic wound model leads to accelerated wound closure, most likely by decreasing
the expression of proinflammatory cytokines and matrix metalloproteinases, and by
augmenting levels of angiogenic factors (122). It diminishes the loss of alveolar bone by
blocking the destructive inflammatory process, and containing the gram-negative infection
(10). The blockage of RAGE on different immune cells could also provide an effective
therapeutic approach that can affect the development and progression of diabetic periodontitis.

Another therapeutic approach based on the function of ‘pro-resolving’ mediators such as
lipoxin is developing (104). Synthetic lipoxin analogs exhibit greater potency for these actions
than the native compound, likely because of decreased metabolism (97). Recently, synthetic
analogs [e.g. 15-epi-16- (para-fluoro)-phenoxy-lipoxin A4 (aspirin-triggered lipoxins, ATLa)]
have been modeled on 15-epi-lipoxin A4, a native lipoxin generated in vivo in the presence of
aspirin via cyclooxygenase-2 acetylation (13). We have recently reported that lipoxin and their
stable analogs, which block neutrophil chemotaxis and superoxide production in vitro,
dramatically reduce periodontitis in a rabbit model (99). Clinical studies are now under way
to evaluate the long-term usefulness of these compounds in humans. It will be important to
determine if treatment methods targeted at limiting the inflammatory response would reduce
the severity of periodontitis in diabetics without compromising the antimicrobial properties of
phagocytic leukocytes in these patients.

Conclusion
The dynamics of the inflammatory response that leads to tissue destruction in the periodontal
disease of diabetic patients are complex. As demonstrated in Fig. 1, innate immunity in diabetes
plays a central role in determining the extent and the magnitude of diabetic complications,
including periodontitis. Activation of innate immunity is the common mechanism in both
diseases. In diabetes, as a result of hyperglycemia, the inflammatory response is triggered
primarily through the action of AGE, resulting in increased production of reactive oxygen
species and proinflammatory mediators. Interestingly, while protein kinase C is the
predominant activation pathway for these proinflammatory responses, different isoforms of
protein kinase C seem to regulate different pathways. In designing therapeutic approaches to
dampen the protein kinase C-mediated responses, it is clear that a cocktail of inhibitors will be
necessary to block both the NADPH oxidase-mediated superoxide generation (protein kinase
C-α) and cytokine secretion (protein kinase C-β).

Another theoretically promising approach for the prevention of diabetic complications can be
found in a new approach to therapy. That is, rather than attempting to inhibit the onset of
inflammation, actively promote the resolution of inflammation. Naturally occurring resolving
molecules like lipoxin have been demonstrated to prevent establishment of chronic periodontal
lesions, stroke, reperfusion injury, and in inflammatory bowel disease (98) in add-back
experiments, essentially using endogenous mediators as pharmacological agents. Promotion
of resolution of the innate immune response in periodontitis has the net effect of preventing
the onset and progression of tissue destruction. The efficacy of pro-resolution strategies in the
prevention of other complications of diabetes remains to be evaluated.
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Fig 1.
Pathways of pathogenesis in diabetic periodontitis. Diabetes initiates a series of innate immune
responses through production of advanced glycated end-products (AGEs) as a result of
hyperglycemia. Innate immune responses via neutrophils and monocytes lead to
proinflammatory cytokine production and will generate oxidative stress through the activities
of protein kinase C beta (PKC-β) and PKC-α, respectively. These mediators of host response,
in turn, result in inflammatory processes, which would further complicate the glycemic control
through insulin resistance. Periodontal disease has a direct effect on the deterioration of diabetic
state through the chronic inflammatory changes. All these processes could be potentially
blocked through the use of anti-inflammatory mediators. AGE, advanced glycated end-
products; PKC, protein kinase C; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-α;
MMPs, matrix metalloproteinases; PGE2, prostaglandin E2; LTB4, leukotriene B4; LXA4,
lipoxin A4; ATL-α, aspirin-triggered lipoxin-α.
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