1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Pharm Des. Author manuscript; available in PMC 2016 May 04.

-, HHS Public Access
«

Published in final edited form as:
Curr Pharm Des. 2016 ; 22(15): 2216-2237.

Therapeutic Targets for Management of Periodontitis and
Diabetes

Corneliu Simal" and Thomas E. Van Dyke?
1The Forsyth Institute, Department of Applied Oral Sciences, Cambridge, MA, USA

2Harvard School of Dental Medicine, Department of Oral Medicine, Infection and Immunity,
Boston, MA, USA

Abstract

The increasing incidence of diabetes mellitus (DM) and chronic periodontitis (CP) worldwide
imposes a rethinking of individualized therapy for patients with both conditions. Central to
bidirectional links between DM and CP is deregulated systemic inflammation and dysfunctional
immune responses to altered-self and non-self. Control of blood glucose levels and metabolic
imbalances associated with hyperglycemia in DM, and disruption of pathogenic subgingival
biofilms in CP are currently the main therapeutic approaches for these conditions. Mounting
evidence suggests the need to integrate immune modulatory therapeutics in treatment regimens
that address the unresolved inflammation associated with DM and CP. The current review
discusses the pathogenesis of DM and CP with emphasis on deregulated inflammation, current
therapeutic approaches and the novel pro-resolution lipid mediators derived from n-3
polyunsaturated fatty acids.
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1. INTRODUCTION

Diabetes mellitus (DM) is a chronic condition characterized by chronic hyperglycemia that
results from unregulated endocrine and metabolic pathways in glucose utilization. Diabetes-
associated microvascular disease is a leading cause of blindness, renal failure and nerve
damage, and significantly contributes to the increasing incidence of myocardial infarction
and stroke in the developing world [1]. In 2010 more than 285 million people worldwide
suffered from DM. The World Health Organization (WHO) predicted a 50% increase in DM
incidence by 2030. Type | DM (T1DM), characterized by primary deficiency in insulin
(INS) production due to pancreatic B-cell destruction leading to hypoinsulinemia, accounts
for less than 10% of DM cases and has the highest incidence in northern European countries
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and US states with high Scandinavian descent. On the other hand, type Il DM (T2DM)
characterized by a peripheral INS resistance (IR) associated with hyperglycemia accounts
for more than 90% of diabetes cases and its incidence around the world is increasing [2].
The differences in prevalence and distribution of TLDM and T2DM may be explained by the
relative contribution of genetic and environmental factors in onset of disease.

About two-thirds of TLDM susceptibility is due to genetic factors primarily related to human
leukocyte antigen (HLA) genes located on chromosome 6p21. More than 95% of people
with T1DM possess HLA-DR3 or HLA-DR4 haplotype and individuals having any of the
two concurrently with an DQ8 haplotype have the highest chance of inheriting this
condition. The other third of susceptibility is related to environmental factors such as
childhood infections that result in immune-mediated destruction of B-cells. Similarly, in
T2DM both genetic and environmental factors contribute to IR and loss of B-cells. Although
there is no HLA linkage in T2DM increasing evidence suggests that single nucleotide
polymorphysims (SNPs) in several candidate diabetogenic and obesity-related genes play
important roles in susceptibility to T2DM. Obesity is associated with T2DM in 60-70% of
cases in North America, Europe and Africa, and in less than 30% of cases in Asia.
Environmental factors contributing to onset of obesity and T2DM include decreased energy
expenditure, increased caloric intake and unbalanced nutrient composition. Diabetes-
associated dyslipidemia characterized by high triglyceride levels, low high-density
lipoprotein (HDL) and high low-density lipoprotein (LDL) levels are directly linked to IR.
The altered glucose and lipid metabolism seen in T2DM leads to microvascular, neurologic
and immunological changes that underlie diabetes-associated coronary artery disease,
peripheral arterial disease, nephropathy, neuropathy, retinopathy, and periodontitis (Fig. 1A).

Periodontal diseases comprise of a group of conditions affecting the tooth supporting
structures and ultimately leading to tooth loss when untreated. According to the WHO the
prevalence of severe chronic periodontitis (CP) varies worldwide from 10 to 15% in adult
populations whereas complete edentulism (no natural teeth) varies from 10 to 35% among
countries depending on national income [3]. The most common forms of periodontal
diseases are plaque-induced gingivitis and CP. Gingivitis is defined as an inflammation of
the gingiva induced by bacteria located at the gingival margin. The host response to similar
plaque levels varies significantly among patients with gingivitis and bacteria associated with
disease progression are also present in health. Gingivitis is reversible upon removal of the
etiologic biofilm but when untreated it progresses to CP in certain individuals. Several lines
of evidence demonstrated that in some individuals gingivitis never progresses to CP,
regardless of periodontal care [4,5]. CP commonly develops in the fourth decade of life, with
highest prevalence in senior individuals. CP is characterized by extension of gingival
inflammation to the alveolar bone, connective tissue degradation and net loss of tooth
attachment to periodontium.

The main etiologic factor for these conditions is the bacterial biofilm. Although bacteria are
required for disease to occur they are not sufficient. Several host and environmental factors
such as genetic predisposition, lifestyle and oral hygiene, systemic conditions and stress
contribute to onset and progression of CP [6] (Fig. 1B). Indeed certain pathogenic bacteria in
subgingival biofilms produce specific virulence factors that facilitate tissue penetration,
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immune evasion and cause direct damage to periodontal tissues [7]. However, current
evidence suggests that host factors constitute the major driver of periodontal tissue
degradation in CP. These factors include over-expression of inflammatory cytokines,
proteolytic enzymes, increased oxidative stress and failure to resolve inflammation [8]. The
onset of CP in a systemic predisposing context has been extensively studied since immunity
was found to be an essential contributor to both initiation and progression of periodontal
destruction [9]. It became clear that both genetic and epigenetic factors contribute to the
clinical phenotype seen in CP. Genetic traits such as specific polymorphisms in the
interleukin (IL)-1 gene cluster and HLA-DR4 antigens impact the potency of immunity in an
individual thus setting a threshold for severity of CP [10]. The relative contribution of
common immune deregulation due to genetic factors to the links between CP and systemic
conditions such as DM is incompletely understood. Therapeutic success depends on our
understanding of spatial and temporal relationships between local and systemic events in
onset of DM and related complications.

2. PATHOGENIC MECHANISMS IN DM AND CP

2.1. Endocrine and Metabolic Deregulation in DM

Blood glucose levels are primarily maintained through a tightly regulated balance between
glucose output by liver physiologically stimulated by glucagon and suppressed by INS, and
glucose uptake by muscle physiologically stimulated by INS. The secretion of INS is
increased when blood glucose levels exceeds 5.5 mmol/l and is reduced when they fall
bellow 4.5 mmol/l. In adipose tissue INS stimulates the uptake and storage of fatty acids as
triglycerides (TG) and inhibits the lipolysis of stored TG. Circulating INS has a half-live of
3-5 minutes. After being secreted into the portal circulation 60% of INS is cleared by the
liver through its first-pass metabolism and 35-40% by the kidney. The brain has its own
regulatory mechanisms of ensuring sufficient glucose levels at all times. The two main
gluconeogenetic organs, kidney and liver maintain adequate blood glucose levels in
prolonged fasting periods and during high-intensity exercise [11]. Furthermore,
catecholamines, glucocorticoids, thyroid and growth hormones (GH) increase blood glucose
levels mainly through stimulation of glycogenolysis and gluconeogenesis (catecholamines,
glucocorticoids, GH), transcriptional regulation of genes involved in glucose homeostasis
(glucocorticoids, thyroid hormones) and inhibition of INS secretion (GH) and action
(glucocorticoids).

In 90% of T1DM cases reduction in islet mass is immune-mediated, patients having
circulating antibodies to islet cells (ICA), INS (IAA), glutamic acid decarboxylase (GADG65)
or tyrosine phosphatases (IA-2 and 1A-2p3) at the time of diagnosis and in 10% of the cases it
is idiopathic (type 1B) with no evidence of autoimmunity leading to death of B-cells. The
autoimmune response seen in TLDM results from a failure of self-tolerance in T-cells.
Insulitis lesions contain a predominant CD8+ T cell population combined with macrophages
(M) (CD68+), CD4+ T cells, B lymphocytes (CD20+) and plasma cells (CD138+) [12].
The finding that IAA concentration correlates with the rate of progression to TAIDM in
children followed from birth and similar findings in studies on rodent models of TIDM
suggest that proinsulin is a key autoantigen in the disease [13]. Further, the reduced
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pancreatic size preceding the onset of TAIDM in the presence of autoantibodies and absence
of insulitis suggests that multiple mechanisms lead to selective loss of f cells in the
pathogenesis of TIDM [14].

T2DM is characterized by a peripheral IR, which leads to hyperinsulinemia and eventually
to pancreatic p-cell exhaustion and apoptotic death. Impaired glucose tolerance (IGT) and
impaired fasting plasma glucose (IFG) refer to intermediate metabolic stages between
euglycemia and T2DM. Patients with IGT have normal blood glucose levels most of the
time but become hyperglycemic after large glucose loads. On the other hand, patients with
IFG have increased fasting blood glucose levels but are usually euglycemic after food intake.
The pathophysiology of both IGT and IFG is related to some degree of primary IR. IGT and
IFG are not clinical entities on their own but rather represent risk factors for development of
T2DM. The exact mechanisms leading to development of IR are not fully understood.
Activation of inflammatory pathways systemically or in adipose and other peripheral tissues
has been correlated with IR [15]. There is increasing evidence that endoplasmic reticulum
(ER) functions expand beyond post-translational protein processing into metabolic
regulatory actions being considered a central nutrient sensor. Metabolic imbalances
eventually induce ER stress that results in both inhibition of INS signaling and activation of
pro-inflammatory pathways [16].

In both types of DM hyperglycemia is directly related to pancreatic dysfunction and
ultimately leads to macro- and microvascular complications including atherosclerosis,
ischemic heart disease, nephropathy, retinopathy, neuropathy and periodontal disease.
Uncontrolled hyperglycemia is central to development of angiopathy through several
biochemical and molecular mechanisms manifested in both intra- and extracellular
compartments. The four major pathways through which hyperglycemia alters cellular
physiology and extracellular matrix structure are the polyol pathway, the hexosamine
pathway, activation of PKC, and advanced glycation end product (AGE) formation. The first
three pathways generally alter cellular function by acting directly on intracellular pathways
while AGE directly impact the extracellular matrix (ECM) quality and indirectly the normal
cell function through specific receptors for AGE (RAGE). Increasing evidence suggests that
excessive production of reactive oxygen species (ROS) by the mitochondrial electron
transport chain in chronic hyperglycemia is the trigger point of glucose-induced metabolic
alterations by inhibition of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [17].

Overproduction of ROS by the mitochondrial electron transport chain was proposed as a
unifying mechanism for diabetic microvascular complications as it relates to all metabolic
changes that occur in DM [18]. The breakdown of glucose through glycolysis generates
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) to
provide the energy necessary for producing adenosine triposphate (ATP) through oxidative
phosphorylation by the mitochondrial electron transport chain. The latter uses the difference
in electric potential at the inner mitochondrial membrane to generate high-energy bonds in
ATP. High mitochondrial membrane potential due to intracellular excess of glucose leads to
over-production of ROS by increased half-life of the superoxide (O2-)-producing electron
transport systems. High levels of O2- and consumption of NAD+ inhibit GAPDH resulting
in accumulation of upstream intermediates in glycolysis that will be processed through
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pathways of glucose over-utilization such as polyol, hexozamine, de novo synthesis of
diacylglycerol (DAG), a cofactor of PKC, and formation of AGEs from accumulating trioses
(Fig. 2). Furthermore, ROS increase local production of TGFp1, fibronectin and
plasminogen activator inhibitor (PAI) 1 in renal cells playing a critical role in excessive
ECM deposition [19].

2.2. Diabetes-Associated Systemic Inflammation

A chronic low-grade inflammation is characteristic to the onset of T2DM in obese patients.
Studies in specific M® knockout mice have shown that obesity does not correlate to IR in
the absence of local inflammation triggered by resident M® [20,21]. The characterization of
adipose tissue M® (ATM) and their relationship to adipocytes led to a better understanding
of inflammatory mechanisms in T2DM. While bone marrow-derived M® make up ~10% of
total adipose tissue in lean individuals they represent 40% of it in overweight individuals
[22]. Recruitment of M® into obese adipose tissue seems to be mediated through secretion
of MCP-1 by adipocytes in the context of high-fat diet [23,24]. It is now clear that in obesity
ATM undergo a M1 type activation leading to cytokine (tumor necrosis factor alpha-TNFa,
IL-6 and IL-1B)-mediated paracrine induction of inflammation and IR in INS-sensitive cells
mainly through activation of JNK, inhibitor of kB kinase (IKK) (3 and interferon-regulatory
factor (IRF) family members. Moreover, deregulated secretion of adipokines (PAI-1-
increased) and adipose derived hormones (resistin-increased; adiponectin-decreased) in
visceral fat adipocytes favors an inflammatory and pro-coagulant state [25,26].

Activation of ATM occurs mainly as a result of endoplasmic reticulum (ER) stress in
response to fatty acids, excess of nutrients, improperly folded proteins, microhypoxia and
lipopolysaccharide (LPS). ER stress in response to extracellular nutrients is central to
inflammatory basis of IR and T2DM through three main ER membrane-bound proteins
involved in the unfolded protein response (UPR): RNA-activated kinase (PKR)-like ER
kinase (PERK), activating transcription factor-6 (ATF6) and inositol requiring enzyme 1
(IREY). All three pathways enhance local inflammation and IR through activation of NF-xB
and inhibition of INS receptor substrates (IRS1 and IRS2) by phosphorylation, respectively
[27]. Moreover, several lymphocytes subtypes accumulate in obese adipose tissue and
modify the M® behavior to promote IR. LPS, saturated and to a less extend polyunsaturated
fatty acids and activate ATM to a M1 phenotype via TLR4 while Q-3 fatty acids are anti-
inflammatory mediating activation of ATM to a M2 phenotype. Similarly, activated Kupffer
cells induce IR in liver although hepatocytes are less dependent on INS for glucose uptake.
MCP-1 knockout mice are protected from high-fat-induced hepatosteatosis indicating a role
of monocytic cells in obesity-related liver dysfunction [24] (Fig. 3).

Several negative feedback loops to repress the M1 phenotype or mediate the switch to a M2
phenotype have recently been described including intracellular and intercellular
mechanisms. The three main intracellular loops are IxBa-mediated «B pathway attenuation,
activating transcription factor-3 (ATF3)-mediated pro-inflammatory gene suppression and an
orphan nuclear receptor Nurrl (NR4A2)-mediated turnover of p65 component of NF-xB.
Intercellular pathways are I1L-10-mediated suppression of TNFa-induced IR, TAM group of
receptor tyrosine kinases-mediated inhibition of TLR signaling and adiponectin-mediated
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suppression of M® LPS-induced responses and stimulation of 1L-10 and IL-1 receptor
antagonist production. On the other hand hyperglycemia as a result of either IR or B-cells
destruction activates pro-inflammatory pathways through glycolysis-derived mediators and
nutrient sensing mechanisms. ER stress-activated PERK and IRE1 pathways mediate
apoptosis in several cell types including pancreatic B-cells through activation of pro-
caspases [27]. TXNIP24-mediated NLRP325 inflammasome activation by excess glucose
results in production of inflammatory mediators by pancreatic M<I and apoptosis of B-cells
leading to hypoinsulinemia. This closes a vicious cycle of inflammation-IR-hyperglycemia.

2.3. Inflammatory Pathogenesis of CP

It is generally accepted that periodontal pathogens are required but not sufficient to induce
loss of tooth attachment but rather that several host and environmental factors dramatically
modify the expression of disease [28]. Progression of CP results from a failure of the
immune system to clear infectious agents and to restore periodontal homeostasis [29].
Gingivitis, the initial reversible stage of CP is associated with inflammation of gingival
tissues without detectable evidence of attachment loss. Histologically, gingivitis consists of a
continuum of progressing inflammatory lesions associated with vascular changes and a
cellular infiltrate of predominantly lymphocytes and polymorphonuclear neutrophils. The
established and advanced lesions characterized by a local influx of plasma cells and
connective tissue degradation represent chronic stages of gingivitis and the stage of
transition to CP in susceptible individuals. Although in some individuals gingivitis never
progresses to CP, existing evidence suggests that gingivitis always precedes CP, and more
importantly it represents a risk factor for periodontal attachment loss [30]. CP lesions are
characterized by complex myelo-lymphoid cell infiltrates associated with irreversible loss of
alveolar bone. Host-derived factors including chemokines, cytokines and matrix-degrading
enzymes (metalloproteases) contribute to tissue destruction and disease progression [31].
Mounting evidence supports the major role of host responses conditioned by predisposing
genetic factors as being the major determinants in pathogenesis of CP [32].

Although it was initially considered primarily an infectious disease CP results from a
combination of specific bacterial colonization with subsequent formation of particular
microniches as triggering factor, and local dysfunctional host immune responses to these
pathogens. Several oral microorganisms including Candida albicans, Porphyromonas
gingivalis and Aggregatibacter actinomycetemcomitans induce local synthesis of
chemokines such as MCP-1 and IL-8 by endothelial cells and monocytes resulting in
accumulation of mononuclear cells [33]. The inability of polymorphonuclear neutrophils and
M® to phagocytose and neutralize pathogens results in the activation of an adaptive immune
response accompanied by the production of interferon gamma (IFNy), among other
mediators. Secretion of CCL2 results in a significant influx of classical monocytes (pro-
inflammatory), immature dendritic cells and T-helper (Th) cells to the site of inflammation.
These newly recruited macrophages will polarize to an M1 phenotype (pro-inflammatory) in
the context of increasing levels of pro-inflammatory mediators. Dendritic cells and M1 M®
produce IL-12, a cytokine critical for the initiation of adaptive immunity, through
stimulation Th cell differentiation. In response to lipopolysaccharide, TNFa and IFNy
activated M1 macrophages produce IL-23, a cytokine that stimulates expansion of Th17
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lymphocytes. The latter produce IL-17, a potent pro-inflammatory cytokine that stimulates
polymorphonuclear neutrophil recruitment and activation, IL-1 3, IL-6, TNF, matrix
metalloproteinases (MMPs) and RANKL, generating an inflammation amplification loop
and resolution failure.

RANKL is an essential pro-osteclastic mediator, which, together with its decoy receptor
osteoprotegerin, is critical for bone resorption-formation coupling. It is well established that
pro-inflammatory cytokines are expressed at high levels in gingival tissues from patients
with CP [34,35]. The significant impact these mediators have on tissue destruction was
demonstrated in rodent and primate models of CP in which connective tissue attachment and
alveolar bone loss was reduced through the use of inhibitors or knockout of genes encoding
IL-1B, IL-6 and TNFa [36,37]. The major cellular source of gingival pro-inflammatory
cytokines, particularly IL-1 B3, IL-8 and TNFa, in severe to advanced CP, is the M® [38].
Several studies have found significantly increased levels of IL-12, IL-23, IL-23 receptor and
IFNYy in periodontitis lesions [39]. A recent study has further suggested that a predominantly
Th17-polarized cellular infiltrate in CP could be driven by IL-23-producing M1
macrophages [40]. However, it is widely accepted that inhibition of the host response may
lead to a higher prevalence of more severe forms of CP. Polymorphonuclear neutrophil
depletion, or functional impairments associated with leukocyte adhesion deficiency,
Chediak-Higashi syndrome, Papillon-Lefévre syndrome and AIDS result in enhanced
alveolar bone loss, possibly through sustained M1 M®-governed inflammatory infiltrates
and failure to resolve inflammation. These findings support the paradigm of an efficient
innate immune response to subgingival biofilms being critical for limiting inflammation,
allowing active resolution and coupled bone remodeling.

By contrast, the M2 (anti-inflammatory and pro-resolution) macrophage-derived anti-
inflammatory cytokine I1L-10, although widely expressed in inflamed periodontal tissues, is
associated with decreased severity of periodontitis [41,42]. Its protective role was also
observed in IL-10 knockout mice that are more susceptible to Porphyromonas gingivalis -
induced alveolar bone loss [43]. Similarly, the concentration of IL-4 was found to decrease
in the gingival crevicular fluid of patients with CP compared with controls [44]. Adoptive
transfer of Th2 cells to nude rats attenuated the severity of periodontitis, and the
predominance of Th2 cells in a mouse model of Porphyromonas gingivalis - induced
periodontitis resulted in minimal lesions [45]. Transforming growth factor beta (TGF) may
also play an important role in limiting periodontal tissue destruction through its regulatory
actions on cell growth, differentiation, matrix production and immunosuppression, inhibiting
pro-inflammatory factors. In active periodontal lesions, TGFf is negatively correlated with
RANKL levels, supporting its protective role against tissue breakdown [46,47]. It is still
unclear whether a highly specific virulence of periodontal pathogens such as Porphyromonas
gingivalis, Treponema denticola, Tannerella forsythiaor Aggregatibacter
actinomycetemcomitans, or an a-priorf host-immune susceptibility to dysfunctional
responses to these bacteria, is responsible for inefficient pathogen clearance and the failure
to resolve periodontal inflammation. Although the initiation of local periodontal immune
dysfunction that results in disease progression is unknown, mounting evidence suggests that
periodontal pathogens have important immunomodulatory functions.
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The potential of certain periodontal pathogens to stimulate M1 or M2 M® environments
seems to depend on host susceptibility rather than their virulence. Existing data suggest that
polymorphisms in genes transcribing IL-1p, IL-6, IL-10, Fc-gamma receptor, vitamin D
receptor and CD14 may be associated with increased susceptibility to CP [48,49].
Regardless of the relative contribution of host predisposition and bacterial challenge, it
appears that progression of tissue destruction is caused by a combination of several factors,
including the presence of pathogenic bacteria, high levels of pro-inflammatory cytokines and
prostaglandins, the production and activation of MMPs and RANKL, and the relatively low
levels of IL-10, TGFB, tissue inhibitors of MMPs and osteoprotegerin [37]. Disruption and
reduction of subgingival biofilms and calculus may not be sufficient to arrest disease
progression in the long term, although immediate maintainable results are obvious.
Modulation of host immune responses to pathogenic subgingival biofilms may prevent
recurrence of disease or slow progression due to unresolved periodontal inflammation.

2.4 Bidirectional Links Between DM and CP

Multiple lines of evidence from /n vitro, animal and human studies indicate that the links
between DM and CP are bidirectional and likely centered on de-regulated inflammation
manifested systemically. Two major longitudinal studies with a median follow up of 6 and
11 years investigated the impact of CP on development cardio-renal complications in
patients with TIDM and T2DM in Scandinavia and US (Pima Indians). The first study
found that in patients with TIDM and severe CP compared with those with no or mild CP
there was a higher incidence of proteinuria and cardiovascular complications, including
angina, intermittent claudication, transient ischemic attack, MI, and stroke [50]. The second
study found increased adjusted relative risk (3.2, 95 % ClI 1.1-9.3) of cardiorenal mortality in
patients with severe CP compared with those who had no, mild, or moderate CP [51]. In line
with these findings CP and edentulism predicted incident microalbuminuria and end stage
renal disease in a sample of 529 patients with T2DM [52]. Observations from these studies
support previous findings of increased risk of poor glycemic control at follow-up in patients
with severe CP and DM. Similarly, two major studies on the risk of developing T2DM in
patients with CP were carried during the first National Health and Nutrition Examination
Survey (NHANES 1) and its Epidemiological Follow-Up study (NHEFS), and in a Japanese
population, which included 9296 and 5848 individuals respectively. The NHANES I/NHEFS
found adjusted OR between 1.5-2.08 for incident DM in patients with high periodontal index
scores or tooth loss at baseline. On the other hand, the Japanese study found no association
between CP and incident DM despite statistically significant positive associations in the
unadjusted analyses [53-55]. Results from these reports should be interpreted with caution
because the measure of exposure (CP) has been imprecise and the lack of laboratory testing
to exclude undiagnosed DM at baseline indicate a possible reverse causality.

In addition to a potential role of CP in onset of T2DM multiple studies found that treatment
of CP particularly scaling and root planing (SRP), improves metabolic control by a
significant reduction in HbAlc and inflammatory mediators (CRP, TNFa, IL-6, and
fibrinogen), and increase in levels of adiponectin [56-58]. Data from 8 randomized
controlled clinical trials and 2 controlled clinical trials on the effects of SRP on glycemic
control, which included a total of 439 patients were assessed in two recent systematic
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reviews [59]. The sample sizes varied from 30 and 193 patients and the follow up range was
3-18 months. Both reviews included meta-analyses on 145 and 244 study participants and
found a significant post-periodontal therapy HbAlc reduction of 0.40 % (95 % CI —-0.77 %
to —0.04 % and -0.78 to —0.01 respectively). Only 2 studies were included for both reviews
but inclusion criteria were slightly different and more strict than a previous meta-analysis
that found a 0.46 % improvement in HbAlc levels following periodontal therapy [60,61].
This improvement in glycemic control may be significant considering that each percent
reduction in HbAlc in patients with DM results in a 35 % reduction in the risk for
macrovascular complications and that HbAlc reduction by 0.2 % in general population is
associated with 10 % reduction in mortality [62]. However, larger RCTs and a full
appreciation of the role of antibiotics for CP treatment are needed to better understand the
impact of periodontal therapy on glycemic control in patients with DM. Since inflammation
can promote IR and favor poor metabolic control, the hypothesis that treatment of CP and
the associated inflammation can improve glycemic control in DM seems biologically
plausible.

Multiple investigations attempted to mechanistically link DM and CP focusing on potential
explanations for the increased prevalence and severity of CP in patients with DM. Three
major theories have emerged from this research: (1) the excessive inflammatory response to
subgingival biofilms, (2) the uncoupling of bone resorption and apposition, and (3) the
impact of AGEs on cellular and extracellular compartments in periodontal tissues. Further,
CP may influence the course of DM likely through sustained systemic inflammation and
bacteremia associated with systemic dissemination of periodontal pathogens that may
contribute to insulin resistance, obesity and atheroma formation [63]. Central to
relationships between DM and CP seems to be systemic inflammation measured as elevation
in circulating pro-inflammatory markers. Several lines of evidence suggest that CP in
otherwise healthy individuals is associated with increased levels of pro-inflammatory and
pro-thrombotic mediators in serum and that periodontal therapy results in long-term
reduction in such markers (CRP, TNFa, and PAI-1) and improvement of endothelial function
(decreased the levels of soluble E-selectin) [64-66]. A dose-response relationship between
CP severity and plasma levels of TNFa, a cytokine that promotes IR, was found in patients
with T2DM [67]. Further, monocyte hyper-responsiveness may be reversed in patients with
DM by SRP resulting in reduced monocyte-derived TNFa, hs-CRP, and soluble E-selectin
[64].

DM impacts periodontal tissues in multiple ways including immunological dysfunctions,
microvascular alterations, and changes in extracellular matrix [68]. Impaired neutrophil
margination along gingival endothelium, altered chemotaxis and phagocytosis, and
monocyte/M® hyper-responsiveness in patients with DM may explain the higher prevalence
and severity of CP in these individuals [69,70]. Since reduced neutrophil chemotaxis
significantly contributes to pathogenesis of aggressive periodontitis and worsens phenotype
in CP, and is also seen in patients with TLDM a plausible hypothesis that common HLA-DR
antigens are involved in neutrophil dysfunction associated with periodontitis and
hyperglycemia has been tested [71,72]. However, a study on 41 patients with TIDM has
found reduced neutrophil chemotaxis with no correlation to HLA alleles suggesting a
phenotypic modification of circulating neutrophils by metabolic imbalances characteristic to
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DM rather than HLA-mediated common predisposition altered neutrophil migration in DM
and CP [73]. Although neutrophils from patients with DM appear to be primed for hyper-
responsive superoxide production bacterial killing is often impaired. These alterations
combined with increased expression of leukocyte adhesion molecules may lead to ectopic
release of neutrophil superoxide, particularly at sites with high physiological neutrophil
trafficking such as biofilm-bearing tissues. Increased leukocyte adhesion molecule
expression and gingival microvascular permeability in DM in the absence of CP suggests an
immune-vascular priming that predisposes to CP [74,75].

The imbalance between the receptor activator for nuclear factor k B ligand (RANKL) and
osteoprotegerin (OPG) is thought to be central to the inability of patients with DM to
regenerate alveolar bone at sites with progressing CP. Inflammation-mediated uncoupling of
bone formation and resorption is associated with hyperglycemia in the context of reduced
osteoblast proliferation, differentiation, and collagen production that could be reversed with
insulin treatment [76]. Uncontrolled DM may favor bone resorption by reducing periodontal
OPG/RANKL ratio through down-regulation of OPG and through induction of apoptosis in
bone lining cells resulting in reduction in bone repair following resorption [77,78].
Osteoblasts regulate osteoclast differentiation and activation through RANKL and its high-
affinity decoy receptor OPG. It is widely accepted that the balance between RANKL and
OPG determines the differentiation and the activity of osteoclasts [79]. Although osteoblasts
are the major producers of RANKL, other cells can express this cytokine, including
fibroblasts and activated T-cells. Further, pro-inflammatory cytokines such as IL-1p and
TNFa also mediate bone uncoupling through osteoclast differentiation and activation at sites
with CP. Alveolar bone resorption was reduced in experimental periodontitis by the use of
IL-1B and TNFa antagonists, and in IL-1f or TNFa knockout mice [36,80]. DM seems to
enhance TNFa-mediated apoptosis of matrix forming cells in CP contributing to impaired
healing [81]. Therefore, diabetes-mediated altered immune responses to subgingival biofilms
may be responsible for more severe and rapid bone loss in patients with DM through
enhanced resorption and diminished formation.

The altered immune responses to subgingival biofilms are in part explained by AGE-
mediated priming and extracellular matrix modification. The observation of high levels of
albumin AGE in gingival tissues of diabetic mice support the hypothesis that AGE mediate
activation of inflammatory pathways in periodontium through increasing susceptibility to
CP. Immune cell priming for hyper-active responses likely occurs through activation of the
receptor for AGE (RAGE) and subsequent pro-inflammatory cytokine production [82].
Nonetheless, AGE deposition in gingival tissues impairs fibroblast function by reducing
their migratory and attaching properties and results in cross-linking matrix proteins such as
collagen type I and fibronectin [83,84]. In support of these findings, a cross-sectional study
including 69 patients with T2DM and CP AGE has found a significant association between
serum AGE and severity of CP [85]. Zizzi ef al investigated the gingival expression of AGE
in patients with TIDM or T2DM diagnosed with CP. A total of 64 subjects were included in
this study: 16 systemically and periodontally healthy individuals, and 48 patients with
generalized severe CP (16 with T1DM, 16 with T2DM, and 16 systemically healthy). It was
found that patients with DM (both type I and 1) have significantly higher levels of gingival
AGE compared to healthy controls and that there is a positive statistically significant
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correlation between gingival AGE and length of time affected by DM [86]. No correlation
was found between HbALc, lipid profile, body mass index, or age and gingival AGE.

Transient bacteremia associated with CP, which could contribute to initiation and
progression of atheroma plaques in arterial walls may also impact on the course of T2DM
and metabolic syndrome. Subgingival persistence of Porphyromonas gingivalis more
frequently in patients with T2DM having higher HbA1c levels after periodontal therapy
indicates that CP may impact glycemic control in these patients [87]. This mechanism
involves direct infectious pathogenicity of periodontal bacteria and indirect induction of
systemic inflammation that correlates with atherosclerosis and cardiovascular diseases
[88-90]. In support of this hypothesis periodontal pathogens Porphyromonas gingivalis,
Prevotella intermedia, Bacteroides forsythus, and Actinobacillus aggregatibacter were found
in significant quantities in atheromatous plaques suggesting colonization of disseminated
oral bacteria in systemic vasculature [91,92]. One large study named the Oral Infections and
Vascular Disease Epidemiology Study (INVEST) that investigated the relationship between
oral microbiota and subclinical atherosclerosis, has analyzed 657 dentate subjects with a
mean age of 69 years and no history of stroke of MI. Investigators found a positive
correlation between the 4 bacterial species and carotid artery intima-media thickness (IMT)
[93]. The same group has previously found a significant positive correlation between tooth
loss, mostly due to periodontitis, and carotid artery atheroma prevalence in the same
population [94]. More recently, the INVEST group reported a direct positive correlation
between levels of subgingival bacteria and prevalence of hypertension [95].

3. THERAPEUTIC MANAGEMENT

3.1. Therapeutic Management of DM

Control of blood glucose levels is the primary aim of DM management. The current
therapeutic options for control of blood glucose are restricted diet, administration of INS,
oral antidiabetic drugs grouped into INS secretagogues (sulfonylureas, meglitinides, d-
phenylalanine derivatives and glucagon-like peptide-1 (GLP-1) receptor agonists),
biguanidines, thiazolidinediones and a-glucosidase inhibitors [96]. Two newer classes of
DM medications with differing actions on glycemia and weight gain include sodium-glucose
cotransporter 2 (SGLT2) inhibitors that increase urinary glucose excretion and inhibitors of
dipeptidyl peptidase 4 (DPP-4) that reduce both glucagon and glucose blood levels [97,98].
A diet with low glycemic index improves glycemic control and reduces the risk of
hypoglycemic events [99]. Additionally, exercise combined with controlled diet reduces the
incidence of DM in high risk individuals (IGT and IRS) and improves systolic and diastolic
blood pressure (BP) levels [100]. Continuous subcutaneous INS infusion is better at
controlling blood glucose levels and preventing severe hypoglycemia compared to multiple
INS injections [101]. Long acting INS has similar benefits on overall glycemic control as
intermediate acting INS but offers better control of nocturnal blood glucose levels. A
presumed mitogenic action of long acting INS warrants caution in prescription until further
evidence against this possibility is available [102].

Of all oral antidiabetic drugs sulfonylureas, mainly second generation (glyburide, glipizide,
glimepiride) and biguanidines including metformin are the treatment of choice for T2DM in
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addition to controlled diet. INS secretagogues act by binding to p-cells sulfonylurea
receptors (SUR) associated with the inward rectifier ATP-sensitive K+ channel inhibiting the
efflux of K+ ions. This results in membrane depolarization and opening of voltage-gated
calcium (Ca2+) channels, influx of Ca2+ and subsequent release of preformed INS.
Biguanidines act independent of B-cell function by reducing hepatic and renal
gluconeogenesis, slowing glucose absorption from gastrointestinal tract, directly stimulating
glycolysis in tissues and reducing the plasma glucagon levels. Thiazolidinediones decrease
IR mainly by regulating genes involved in glucose and lipid metabolism, and adipocyte
differentiation being ligands of peroxisome proliferator-activated receptor-gamma (PPAR-v),
part of the steroid and thyroid superfamily of nuclear receptors. Alpha-glucosidase inhibitors
are competitive inhibitors of a-glucosidases in the small intestine reducing the postprandial
digestion and absorption of starch and disaccharides.

Several clinical trials have been conducted with patients having either TIDM or T2DM to
assess the benefits of glycemic control in DM. The Diabetes Control and Complications
Trial (DCCT) was a randomized long-term prospective study involving 1441 patients with
T1DM aged 13-39 years observed for 6.5 years between 1983 and 1989 [103]. Patients were
divided into conventional therapy as defined by one or two daily INS injections with self-
monitoring of urine and blood glucose without adjustment of INS dosage and intensive
therapy as defined by three or more INS administrations daily with self-monitoring and
adjustment of INS dosage accordingly. At the end of the study it was concluded that
intensive INS therapy effectively controls BG, delays the onset and slows the progression of
retinopathy, nephropathy and neuropathy in patients with TLDM. Based on these
observations the DCCT research group introduced the concept of glycemic memory that
includes the long-term benefits of significant periods of glycemic control.

Multiple clinical trials were similarly conducted for T2DM. The United Kingdom
Prospective Diabetes Study (UKPDS) was a very large randomized prospective study
including 3867 newly diagnosed T2DM patients aged 25-65 years observed over 10 years
between 1977 and 1987 [104]. The average initial HbA1C levels was 9.1%. A significant
proportion of the patients were overweight and hypertensive. The aim of the study was to
assess the impact of intensive glycemic control and of blood pressure (BP) control on risk of
developing microvascular and macrovascular complications in T2DM. Treatment groups
included control group on conventional therapy with controlled dief afone and separate
groups on intensive therapy with either insulin or sulfonylureas (chlorpropamide, glyburide,
or glipizide) alone. Metformin was added as a randomization option for patients responding
unsatisfactorily to other therapies. A separate group included patients under tight control of
BP with stepwise antihypertensive therapy including either an angiotensin-converting
enzyme (ACE) inhibitor (captopril) or a B-blocker (atenolol). More drugs were added in the
following stepwise sequence: a diuretic, slow-release nifedipine, methydopa, and prazosin to
achieve tight BP control. At the end of the study the following were concluded: intensive
therapy to reduce blood glucose reduces the risk of microvascular complications overall
compared to conventional therapy; metformin alone significantly reduces the risk of
macrovascular disease (myocardial infarction, stroke); tight BP control significantly reduced
the risk of both microvascular and macrovascular complications with higher efficiency than
reducing HbA1C levels to 7%.
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A more recent double-blind randomized prospective clinical trial with a 2-by-2 factorial
design called Nateglinide and Valsartan in Impaired Glucose Tolerance Outcomes Research
(NAVIGA-TOR) included 9306 patients from 40 countries (average age 64 years) with
impaired glucose tolerance and established CVD or CV risk [105,106]. The study has
assessed the impact of Nateglinide and Valsartan treatments in addition to lifestyle
modification on DM incidence, DM related clinical parameters and CV events over 5 years.
At the end of the study it was concluded that Nateglinide treatment three times daily with up
to 60 mg/dose does not prevent CV events or DM onset while Valsartan treatment as single
dose of up to 160 mg/day reduced the incidence of DM by 14% without significant impact
on the rate of CV events. Other smaller studies including the Kumamoto study (110 patients,
6 years follow-up), the Steno-2 study (160 patients, 7.8 years follow-up) and the STOP-
NIDDM (1429 patients, 3 years follow-up) have shown similar results to the DCCT and
UKPDS studies indicating that control of blood glucose levels reduces the risk of developing
and slows the progression of diabetic complications [107-109].

3.2. Therapeutic Management of CP

Conventional periodontal therapy for CP includes patient education on appropriate measures
to reduce subgingival biofilms and to control modifiable risk factors for disease progression
in addition to in-office SRP that focuses on removal of the etiologic biofilms and calculus.
Further, therapy includes management of periodontal-systemic interrelationships by
appropriate referral when indicated. In most cases this form of therapy allows for resolution
of inflammation to occur and for periodontal tissues to heal [110]. However, disruption of
subgingival biofilms is successful for only short periods of time because maturation of new
pathogenic biofilms is favored by presence of periodontal pockets around teeth that cannot
be adequately accessed through regular home care by patients [111]. Therefore maintenance
therapy by SRP at regular 3-4 months intervals is indicated in cases of mild-to-moderate CP.
The periodontal literature supports the concept of bacterial “critical mass” by assuming that
the major goal of SRP is reduction in subgingival biofilm mass to a critical level that results
in equilibrium between remaining bacteria and the host response [112]. At sites with severe
loss of attachment that cannot predictably be managed by SRP due to poor access, surgical
re-establishment of maintainable periodontal tissues generally follows SRP. If left untreated,
CP results in pain, discomfort, tooth mobility and tooth loss, and may represent a risk factor
for other chronic conditions such as DM and cardiovascular diseases by contributing to
systemic inflammation and bacterial dissemination [66].

Since microbial irritants constitute a significant contributing factor to onset and progression
of CP the use of antibiotics in conjunction with mechanical or surgical therapy is chosen for
certain cases. This aims to reduce, eliminate or change the quality of microbial pathogens or
to modify the host response to subgingival biofilms. Patients refractory to conventional
therapy, suffering from aggressive forms of periodontitis or with medical conditions
predisposing to periodontitis may benefit from systemic antibiotic therapy [113]. Since CP is
associated with multiple potential periodontal pathogens i.e. Gram negative anaerobes,
facultative anaerobes, Gram positive anaerobic cocci and rods antibiotics with broad
spectrum of activity are usually chosen. In some cases, in order to broaden the spectrum of
activity, combination drug therapies such as Amoxicillin and Metronidazole may be
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considered advantageous over single drug choices. Several studies demonstrated that in
patients with advanced CP, systemic administration of Metronidazole plus Amoxicillin
resulted in improvement in periodontal conditions, elimination/suppression of putative
periodontal pathogens and reduction in the size of inflammatory lesions. The antibiotic
regimen alone, however, was less effective than mechanical therapy with respect to clinical
measures of inflammation and attachment levels [114,115]. Similar to systemic antibiotics,
local delivery antimicrobial agents can be used as adjunct to SRP in isolated sites with CP.
However, there is insufficient data to conclude that adjunctive use of such agents can either
reduce the need for surgery or improve long-term tooth retention [116]. Therefore, clinical
judgement is often used in selecting cases that may benefit from antimicrobials in addition to
mechanical therapy.

In some instances patients with CP are refractory to conventional periodontal therapy and
may be diagnosed with refractory CP [117]. Refractory CP patients have a recurring disease
progression pattern and experience continuous loss of clinical attachment after treatment,
which does not correlate with plaque levels, microbial burden, and treatment compliance
[118]. Patients with refractory CP were demonstrated to lose a significantly higher number
of teeth during periodontal maintenance when compared to non-refractory patients [119].
Management of disease in such patients is challenging and shows inconsistent results.
Patients refractory to periodontal therapy or with recurrent disease seem to have distinct
subgingival microbial profiles that may respond to additional antibiotic therapy [120].
However, in many cases subgingival bacteria in these patients develops antibiotic resistance
particularly to B-lactam antibiotics [121]. Therefore, collection of subgingival microbial
samples form sites with progressing disease, antibiotic-sensitivity testing and selection of an
appropriate antibiotic regimen are indicated. In addition to atypical microbial profiles several
lines of evidence suggest that patients with refractory periodontitis have a hyperactive
neutrophil phenotype that may be contributing to increased oxidative stress in inflamed
periodontal tissues, excess MMP release and failure to resolve inflammation [122].
Modulation of immune response to subgingival biofilms is desired to control pathogenicity,
resolve inflammation and restore tissue homeostasis while limiting bacterial dissemination
and maintaining low levels of inflammatory mediators that may impact systemic health.

While typical treatment protocols for CP aim at removing etiologic factors at regular
intervals to prevent disease recurrence, immune modulation therapeutics show great promise
in light of mounting evidence demonstrating altered inflammatory pathways in CP
pathogenesis. As connective tissue degradation and irreversible bone resorption mark the
onset of CP, regulating gingival enzymatic activity is one therapeutic target for immune
modulation in long-term maintenance of tooth attachment levels. One class of such immune
modulatory drugs targets tissue-degrading enzymes such as MMPs, which are abundant in
periodontal tissues as a result of chronic un-resolved inflammation. Doxycycline, in addition
to its antimicrobial ability, has demonstrated good anticollagenase activity even when sub-
antimicrobial doses are used. In a randomized clinical trial on effects of sub-antimicrobial
dose doxycycline (SDD) (20 mg x 2 times per day for 12 weeks) on gingival fluid
collagenase and clinical attachment loss Golub et a/found significant improvement in
attachment levels associated with a decrease in collagenase activity [123]. Continuous drug
therapy over the 12-week treatment period was needed to maintain and maximize
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improvement. In a large multi-centered, double-blind, randomized, placebo-controlled
parallel group trial Canton et a/assessed the efficacy and safety of SDD as an adjunct to
SRP over a period of 9 months, in patients with CP. They found a modest but significant
improvement in attachment levels compared to placebo without detrimental shifts in the
normal periodontal flora or the acquisition of doxycycline or multiantibiotic resistance
[124]. Similar findings were reported by Preshaw et a/who conducted a multi-center
doubleblind, randomized, placebo-controlled with parallel treatment groups that included
210 subjects [125]. To confirm the anti-MMP activity exerted by SDD, Emingil et a/
measured MMP-8 levels in gingival crevicular fluid along with clinical parameters for
patients with CP under SDD therapy as adjunct to SRP for 3 months with a follow-up of 12
months [111]. Gingival MMP-8 levels were significantly reduced in the SDD group at 3 and
6 months compared to placebo but were insignificant compared to SRP alone at 9 and 12
months post-therapy. Altogether these findings support the use of SDD as adjunct to
conventional periodontal therapy in select cases and over log periods of time to prevent
relapse.

3.3. Management of Unresolved Inflammation in DM

Resolution of inflammation is a tightly regulated active process required for restoration of
homeostasis after successful removal of altered-self or non-self. For resolution to occur pro-
inflammatory pathways need to be switched off upon clearing local tissue debris by
professional phagocytes. Neutrophils provide essential signals needed to initiate resolution
processes. Following non-self recognition, uptake, neutralization and clearance, the
neutrophil triggers self-destroying mechanisms in a non-flogistic manner by initiating
apoptosis through sequential activation of caspases (3, 7, 8, 9), activation of calpains and
ubiquitin-proteasome complexes [112-114]. This results in degradation of critical
cytoplasmic proteins such as the ubiquitously present actin, and nuclear inter-nucleosomal
chromatin. Aged or dying neutrophils present on their surface phospholipids
phosphatidycholine (PC), phosphatidylethanolamine (PE) and phosphatidylserine (PS),
oxidized phospholipids and carbohydrates including fucose and N-acetyl-glucosamine [115].
Several pattern recognition molecules including thrombospondin 1, complement component
C1lg, mannose-binding lectin, surfactant proteins, pentraxins, and serum amyloid bind
apoptotic cell surface markers and act as bridging molecules to enhance phagocytosis by
macrophages [116,117]. Specific receptors on M® and dendritic cells including scavenger
receptors A, B, CD36 and CD68, avp3 integrin, PS receptor and complement receptors
(CR1, CR3, CR4) bind to bridging molecules resulting in activation for phagocytosis and
clearance of dying cells from the tissue [118,119]. This physiological “start of the end”
allows neutrophils to die silently and concomitantly send “find me” and “eat me” signals
without releasing their toxic intracellular milieu into host tissues. In some instances a
secondary apoptotic phenotype of neutrophils can be induced by persistence and increase in
pro-inflammatory lipid mediators such as leukotriene B4. This late apoptotic phenotype
characterized by selective leakage of intracellular content particularly DNA fragments is
distinct from primary necrosis but it may lead to secondary necrosis in the absence of
efficient resolving mechanisms [120].
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Macrophages polarized to an anti-inflammatory and pro-resolution phenotype play critical
roles in post-inflammatory healing and regeneration of damaged tissues. Compelling
evidence showed that M® possess unique phenotypic plasticity and differentiation dynamics
that change based on local microenvironmental signals. Pro-resolution macrophages
particularly those stimulated by IL-4, IL-10, IL-13 and transforming growth factor beta
(TGFP) phagocytoses apoptotic cells and promote tissue remodeling and regeneration [123].
These M® produce low levels of pro-inflammatory cytokines (IL-1, IL-6, TNFa, I1L-12,
IL-23), high levels of anti-inflammatory cytokines (IL-10, IL-1 receptor antagonist), growth
factors (TGFB, VEGF, EGF) and chemokines CCL17, CCL22, CCL24 that bind to CCR3
and CCR4 promoting T-helper 2 cell responses and tissue repair/regeneration. In addition
they produce arginase to metabolize arginine to ornithine and polyamines needed in the
healing processes and up-regulate ferroportin while down-regulating H ferritin and
hemeoxygenase, which favors enhanced release of iron, thus supporting cell proliferation.
Nonetheless, they express high levels of scavenger, mannose and galactose receptors and of
CD163 (the receptor for the hemoglobin-haptoglobin complexes) [124,125]. Upon clearing
interstitial environment of redundant and extraneous cellular material, and stimulating
healing of damaged tissues resolution macrophages drain via lymphatic vessels into the
circulation to be cleared in the spleen [126,127]. Un-regulated M® polarization to a pro-
resolution phenotype and induction of pro-inflammatory phenotypes are thought to be in
part responsible for persistent inflammation associated with chronic conditions such as
obesity, atherosclerosis and DM [128].

Obesity is associated with increased fat-tissue turnover and extensive adipocyte necrosis,
which acts as a pro-inflammatory stimulus for adipose tissue macrophages resulting in a
progressive switch from pro-resolution to pro-inflammatory phenotype in these cells.
Ultimately the obese adipose tissues throughout the body will sustain local and systemic
inflammation, and IR [26,129]. The increased production of pro-thrombotic and pro-
atherogenic factors by these M® will contribute to the cardiovascular risks identified in
obesity-associated metabolic syndrome. Therefore, in addition to blood glucose normalizing
agents therapy of DM and associated comorbidities should address the un-regulated
inflammatory responses to altered-self. Since recruitment of pro-inflammatory macrophages
into adipose tissue and pancreatic islets contributes to IR and impaired INS secretion,
chemokines and receptors involved in monocyte migration are potential therapeutic target
for DM. Monocyte chemotactic protein 1 (MCP1, CCL2) is a chemokine involved in
recruitment and tissue infiltration of M® in patients with T2DM favoring onset of IR
[130-132]. CCX140-B, an orally available antagonist of MCP-1 receptor CCR2 was able to
reduce HbALC levels by 0.14% in patients with T2DM during a 4 week clinical trial [133].
The same antagonist reduced the number of pro-inflammatory adipose tissue macrophages,
improved glycemic control and insulin sensitivity in diabetic mice [134]. These actions
support a significant role of CCR2 in sustained adipose tissue inflammation mediated by
M® as previously observed in animal studies [135].

NF-kB treatment strategy for DM emerged from compelling evidence that this pro-
inflammatory pathway is central to pro-inflammatory M1 polarization of adipose tissues
macrophages. TNFa and IL-1f are major cytokines involved in activation of NF-xB.
Additionally, TNFa produced by pro-inflammatory adipose tissue M® demonstrated a
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significant role in induction of IR in rodents, which led to attempts to translate these findings
in humans. Despite original conclusions from a limited number of underpowered clinical
studies that TNFa does not have an important role in T2DM in humans, recent reports are in
line with findings from animal studies [136]. One such study found that 6-month TNFa
inhibition via entanercept in obese individuals without DM resulted in significant decrease
in fasting plasma glucose and increase in adiponectin, probably reflecting improved INS
sensitivity [137]. Additionally, TNFa inhibition in patients with rheumatoid arthritis results
in improved INS sensitivity and blood glucose levels suggesting that TNFa may play an
important role in pathogenesis of T2DM [138]. Similar results were found by antagonizing
IL-18 with specific antibodies (gevokizumab or canakinumab) or anakinra, a recombinant
human IL-1 receptor antagonist in pre-diabetic individuals and those with impaired glucose
tolerance [139,140]. Authors found improved B-cell secretory function that may prevent
onset of DM, improved INS sensitivity and glycemic control, and reduced systemic
inflammatory markers. In support of a role of both IL-1  and TNFa in pathogenesis of
T2DM and glycemic control it was found that diacerein, which reduces the levels of both
cytokines via unknown mechanisms, improved INS secretion and reduced HbA1C levels in
drug-naive patients with T2DM [141]. Altogether, these findings support the two major pro-
inflammatory cytokines TNFa and IL-1f as therapeutic targets for management of DM-
associated inflammation in humans.

3.4. Management of Unresolved Inflammation in CP

Anti-cytokine therapy for management of inflammation in CP was studied in patients with
rheumatoid arthritis and CP. To date, therapeutic blockade of TNFa was tested in three
randomized controlled clinical trials that included patients with both rheumatoid arthritis
patients and CP [142-144]. In the first study, infliximab prevented attachment loss and
progressive bone loss although it tended to aggravate gingival inflammation [144]. In the
second study, infliximab infusions reduced gingival crevicular fluid levels of TNFa, gingival
inflammation and attachment loss in patients with rheumatoid arthritis patients compared
with those untreated and with healthy controls [142]. The third study randomized 40 patients
with moderately severe rheumatoid arthritis and severe CP to receive mechanical periodontal
therapy or no therapy. All patients received disease-modifying anti-rheumatic drugs but half
received anti-TNFa medication before randomization [143]. SRP alone or in conjunction
with anti-TNFa therapy were associated with significant improvements in rheumatoid
arthritis disease activity scores, serum TNFa and periodontal parameters although the post-
therapy follow up 6 weeks was short. Altogether, these data indicate a potential
improvement in periodontal condition when using anti-TNFa therapy in conjunction with
mechanical debridement for CP. Therapeutic blockade of IL-1 receptor has only been
investigated in animal models of periodontitis and showed significant reduction in local
infiltration of inflammatory cells, reduced osteoclast activation and bone resorption
[36,145]. Anakinra was proven to be only weakly effective in rheumatoid arthritis, despite
experimental models suggesting that its anti-inflammatory and osteoclast inhibiting effects
may improve systemic bone loss [146].

Several clinical trials have assessed the effects of adjunctive non-steroidal anti-inflammatory
drugs (NSAIDs) delivered systemically or locally in addition to mechanical therapy
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[147-149]. Despite heterogeneity of data that emerged from these studies limited
quantitative analyses tended to indicate a significant benefit for alveolar bone preservation
and disease progression but not for clinical attachment levels when NSAIDs were associated
with conventional periodontal therapy. This may be in part explained by inhibition of
prostaglandin E2 (PGE2) inhibition, a lipid mediator that correlated with periodontal
inflammation and bone resorption [150]. The effect of PGE2 in pathogenesis of CP is highly
dependent on expression of PG receptors EP2 and EP4, which activate adenylate cyclase and
protein kinase A signaling mediating bone resorption [151]. Unfortunately, non-selective
NSAIDs seem to damage the mucosa of the gastrointestinal tract by interfering with the
physiologic synthesis of PG (PGE2 and PGI2) that results in increased gastric acid secretion,
reduction in blood flow through the gastric mucosa and inhibition of mucus production
[152]. Similarly to non-selective NSAIDs, selective cycloxygenase 2 (COX-2) inhibitors
showed promising results for the stabilization of periodontal conditions by reducing the rate
of alveolar bone resorption. They also offer the advantage of reducing the above mentioned
adverse systemic effects compared to non-selective NSAIDs but were shown to pose
significant cardiovascular risks [153]. Further, because existing evidence shows that the
effects of NSAIDs drop off rapidly after drug withdrawal and there aren’t yet any data from
long-term, multi-center prospective clinical trials available we cannot determine whether
these therapeutic effects can be retained on a long-term basis [152].

3.5. Lipid Mediators of Inflammation Resolution in DM and CP

3.5.1. Lipid Mediators of Inflammation Resolution—Lipid molecules play several
roles in living organisms mainly through their amphipathic nature. They are major
constituents of biological lipid bilayer membranes, serve as the most efficient energy source,
are covalently or non-covalently linked to proteins by post-translational modifications to
facilitate protein-protein and protein-lipid interactions and some lipid molecules serve as
intercellular mediators in immune functions and maintenance of homeostasis. The latter
category includes lipid mediators that are divided into several subclasses base on their
structure: fatty acids (e.g. eicosanoids), phospholipids (e.g. platelet activating factor - PAF),
lysophospholipids (e.g. lysophosphatidic acid), and others (e.g. ceramide) [154]. Lipid
mediators are synthesized from cell membrane phospholipids with contribution of several
key enzymes including 1) phospholipase A2 (PLA?2) that releases arachidonic acid (AA) or
another polyunsaturated fatty acid (PUFA) from position sn-2 of phospholipids and the
remaining lysophospholipid, 2) acyl-CoA lysophospholipid acyltransferase (acyltransferase,
LPLAT) that incorporates a PUFA in position sn-2 of glycerophospholipids, 3) acetyl-CoA
lyso-PAFacetyltrasnferase (lysoPAFAT) that converts lysophospholipids with alkyl-ether
bond at sn-1 to PAF and incorporates arachidonyl-CoA into lysophosphatidyilcholine (LPC)
(LPCAT2), 4) cyclooxygenases (COX) that incorporates two oxygen molecules into AA to
generate thromboxanes (TXs) and prostaglandin (PG) endoperoxydes subsequently
converted to PGs by cell-specific PG synthases, and 5) lipoxygenases (LOX) that
incorporates a single oxygen molecule into PUFA to generate hydroperoxyeicosatetraenoic
(HpETES) and hydroeicosatetraenoic acids (HETES) precursors for leukotrienes (LT) and
lipoxins (LX) respectively when PUFA is AA, and resolvins (Rv) of E and D series,
protectins (PT) and maresins when PUFA is eiscosapentaenoic acid (EPA) or
docosahexaenoic acid (DHA) (Fig. 5). Other enzymes also contribute to generation of lipid
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mediators: cytochrome P450 yielding epoxyeicosatrienoic acids (EETs), 19-HETE, 20-
HETE, dihydroperoxytetraenoic acids (diHETESs), phospholipase C (PLC) yielding DAG,
IP3 and D (PLD) yielding phosphatidic acid, and sphingomyelinase yielding ceramide.
Phospholipases and lysophospholipid acyltrasferases facilitate membrane phospholipid
recycling during generation of lipid mediators in Lands’ cycle [154,155] (Fig. 6).

There are two main COX isoforms in mammals; a constitutive form COX-1 and an inducible
form COX-2 with their encoding genes located on chromosomes 9 and 1 respectively
[156,157]. COX-1 is ubiquitously expressed in cells and helps maintain tissue homeostasis
and COX-2 expression is induced during injury by LPS, IL-1B, TNFa, IFNy to generate pro-
inflammatory eicosanoids. Three main mechanisms contribute to induction of COX-2
expression: transcriptional regulation through NF-xB and CREB, mRNA stabilization
through the proximal AT-rich sequence of the 3’-untranslated region, and expression of
microRNAs. In recent years a third isoform acetaminophen-sensitive COX-3, which
apparently is a splice variant of COX-2 has been reported [158]. This isoform has low
sensitivity to non-steroidal anti-inflammatory (NSAIDs) drugs. Aspirin modifies both COX
enzymes through acetylation of serine residues near the catalytic pocket. Although aspirin
and other NSAIDs were previously thought to abolish the enzymatic activity of COX it
became clear that they rather change COXs to a LOX-like acting enzyme generating
precursors for different classes of lipid mediators with particular activities during the
resolution phase of inflammation [159,160].

There are six main LOX enzymes coded by separate genes and named after the position of
the carbon where the oxygen is inserted: 5-LOX (5S-LOX) mainly expressed in leukocytes,
8/12R-LOX mainly expressed in epidermis, two types of 12-LOX (12S-LOX and 12R-LOX)
mainly expressed in megakariocytes/platelets (12S-LOX), and two types of 15-LOX (15-
LOX-1 and 15-LOX-2) mainly expressed in erhythroid and epithelial cells respectively
[161]. 12-LOX is up-regulated in islets of both TLDM and T2DM patients decreasing INS
secretion and sensitivity, and increasing production of inflammatory mediators [162].
Further, hyperglycemia and inflammatory cytokines increase the expression of 12-LOX and
pharmacological inhibition of this enzyme prevented development of DM in animal models
[162-165]. Long-chain -3 PUFA replace arachidonic acid as eicosanoid substrate for LOX
thereby indirectly altering the expression of pro-inflammatory genes. In addition, they
provide substrates for biosynthesis of resolvins (Rvs), protectins (PDs) and maresins (MaR).
Long-chain -3 PUFAs inhibit responses to LPS, TNFa and saturated fatty acids possibly
through endogenously derived lipid mediators Rvs and PDs.

The eicosanoids derived from AA can be divided into two main classes based on their
action: pro-inflammatory and anti-inflammatory. The first category includes PGs of E series
(PGEZ2) synthesized through the COX pathway and LTs (LTA4, LTB4, LTC4, LTD4 and
LTE4) synthesized through LOX pathway. TXA2 and TXB2 result from COX processing
and are potent vasoconstrictor and stimulators of platelet aggregation. PAF belongs to a third
class of AA-derived mediators resulting from PLA2 processing of membrane phospholipids
and mediates platelet aggregation, bronchocontriction and vasodilation. The second category
includes PGs of G, F and | series synthesized through COX pathway, and lipoxins (LXs) and
aspirin triggered 15-epi-LXs (ATLs) synthesized through both COX and LOX pathways
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during trans-cellular biosynthesis. AA-derived lipid mediators act through specific G-protein
coupled receptors (GPCRs) that were phylogenetically grouped into five cluster groups:
CL-1, CL-2, CL-3 lipid receptors, and CL-4, CL-5 peptide receptors [166]. These receptors
are part of a larger phylogenetic tree that includes proton sensors, chemoattractant receptors,
LPA/S1P receptors, prostanoid receptors and lipid/nucleotide receptors [154] (Table 1).

LXs are the first class of anti-inflammatory and pro-resolving lipid mediators identified /n
vivo. LXA4 and LXB4 result from platelet 12-LOX processing of LTA4 synthesized in
leukocytes via 5-LOX. Alternatively, both LX can result from leukocyte 5-LOX processing
of 15(S)-HpETE synthesized in epithelial cells via 15-LOX pathway [167]. Similarly,
aspirin-modified COX in EC acting as 15-LOX generates 15-R-HETE that is further
processed by leukocyte 5-LOX to yield 15-epi-LX [168]. LXs have potent anti-inflammatory
actions by down-regulating neutrophil transmigration [169] [170], reducing vascular
permeability [171], cytokine release and function [172], pain signals [173]. LXs also have
pro-resolving actions /in vivo by promoting phagocytosis and removal of apoptotic
neutrophils by macrophages and inhibiting fibrosis [174] [175]. Nonetheless, LXs induces
prostacyclin (PGI2) and nitric oxide synthesis by endothelial cells suggesting a direct impact
on maintaining vascular homeostasis [176,177]. In recent years a new class of lipid
mediators with potent anti-inflammatory and pro-resolution properties have been isolated
and characterized by Serhan et al. These mediators are endogenously synthesized from -3
fatty acids including DHA and EPA through trans-cellular biosynthesis involving aspirin
acetylated-COX-2 and several LOX. RVE series are derived from EPA through epithelial or
EC (acetylated-COX-2 or 15-LOX) crosstalk with leukocytes (5-LOX). Similarly, PGE3 and
LTBS5 can be synthesized from EPA. RvD series (RvD1, RvD2, RvD3, RvD4), PDs or
neuroprotectins (NPDs) when produced by neural tissues and MaR are derived from DHA
through several LOX processing steps in leukocytes and other cells [182-185].

RVE1 was first identified /n vivoin dorsal air pouch exudates of mice treated with aspirin
and EPA. The endothelial cell-neutrophil trans-cellular biosynthesis was confirmed by
treating human microvascular endothelial cells with aspirin and EPA, and subsequent
incubation of resulting products with human neutrophils [159]. RVE1 results from EPA
modification by aspirin acetylated COX-2 or CYT P450 or 15-LOX-1 in endothelial cells
and uptake of 18R-HEPE and further processing in leukocytes through 5-LOX pathway
(Fig. 7). RvEs were characterized and tested /n vivoand in vitro demonstrating potent anti-
inflammatory and pro-resolution properties [184]. RvVEL (5S, 12R, 18R-trihydroxy-
eicosapentaenoic acid) is structurally defined as a D-3 eicosanoid with 5 double bonds
grouped as one conjugated diene and one conjugated triene that confer molecular stability.
Three hydroxyl groups are sequentially added to EPA after removal from the membrane PL
by PLAZ2 in a trans-cellular biosynthetic process [183]. Enzymatic conversion of RvE1
generates inactive or less potent compounds with one exception, 20-hydroxy-RvEL, in blood
and other tissues: 20-carboxy-RVvE1, 20-hydroxy-RvE1 (major metabolite in neutrophils, as
potent as RvEL), 19-hydroxy-RvE1, 18-0x0-RvE1, 12-o0x0-RvE1, 11,12-dihydro-RvE1 and
11,12-dihydro-12-oxo-RVEL. Three compounds namely 20-hydroxy-RvE1, 18-0x0-RVE1
and 11,12-dihydro-RvE1 were the major metabolites in human blood [186]. Two GPCR
receptors ChemR23 (how named ERV1) and BLT1 have been shown to signal in response to
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high affinity binding by RvE1. ChemR23 binding reduced IL-12 production by dendritic
cells while BLT1 binding competitively blocked LTB4 suggesting a potential mechanism for
its anti-inflammatory action [187,188]. RVEL1 significantly reduced neutrophil infiltration
during acute peritonitis and upregulated CCR5 expression on late apoptotic neutrophils
[189,190].

3.5.2. Low-Dose Aspirin in DM—The prevention of primary Ml in patients with DM
with daily aspirin was first addressed in a randomized, double blind, placebo-controlled trial
by the Physicians’ Health Study Research Group including 22,071 participants with an
average of 5 years follow-up completed in 1989. The study had found a 44% reduction in Ml
risk but a slightly increased risk of hemorrhagic stroke. Reduction in Ml risk was apparent
only in patients over 50 years of age [191]. Based on these observations and a few
supporting studies that followed the American Diabetes Association strongly recommended
long term daily aspirin for primary prevention of Ml in DM. The efficiency of daily aspirin
(75-325 mg/dose/day) and other anticoagulants alone or in combination with statins (HMG-
CoA10 reductase inhibitors) on prevention of CV events and stroke in patients with DM has
since been tested in large trials [192].

Despite the initial results supporting the CV preventive action of aspirin in DM a meta-
analysis of randomized trials of antiplatelet therapy for prevention of life-threatening events
in high-risk patients has found a modest overall 7% reduction in CV events in the
subpopulation of patients with DM. On the other hand it was concluded that daily low doses
of aspirin (LDA) (75-150 mg/day) are as efficient as higher doses in preventing stable
angina, intermittent claudication and atrial fibrillation in patients with high risk [193]. A
couple important negative trials that followed, namely the POPADAD (Prevention of
Progression Of Arterial Disease and Diabetes) and the JPAD (Japanese Primary Prevention
of Atherosclerosis With Aspirin for Diabetes) have questioned the highly efficient preventive
action of aspirin in DM although these latter trials were criticized to be underpowered.
Indeed both trials have used soft end points including the development of peripheral arterial
disease and stable angina as primary events rather than harder end points like Ml and CV
death [194-196].

Altogether, to date, there is insufficient evidence to support aspirin’s action to prevent CV
events in patients with DM more efficiently than in individuals without. In line with these
observations the 2010 position statement of the American Diabetes Association recommends
daily LDA (75-162 mg/day) for prevention of primary CV events in patients with DM and
no previous history of vascular disease who are at increased risk (10 year risk of CVD events
over 10%) and who are not at increased risk for bleeding. Adults with increased CVD risk
are most men over age 50 years and women over age 60 years diagnosed with DM who have
one or more additional major risk factors including smoking, hypertension, dyslipidemia,
family history of premature CVD, and albuminuria. Patients with intermediate risk are
younger patients with one or more risk factors and older patients with no risk factors. They
may be prescribed LDA for prevention of primary CV events until further evidence is
available. Aspirin should not be recommended for CV prevention for patients with DM at
low risk including those who do not fall into high or intermediate risk categories [197].
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3.5.3. Q-3 PUFAs and Derived Mediators for Resolution of Inflammation in DM
—The use of Q-3 PUFAS in patients with vascular disease gained increasing interest since it
was found that Greenland Inuits had a lower prevalence of coronary heart disease compared
to Scandinavian control subjects [198,199]. It was later shown that Inuits also had reduced
platelet reactivity and prolonged bleeding time compared to Scandinavian controls [200].
This was attributed to the Eskimo diet, which has an extremely high content of fish abundant
in Q-3 PUFAs, mainly EPA and DHA [201]. Subsequent observations have indicated a
significant role of dietary 2-6-to-2-3 PUFAs ratio in the incidence of DM in different
populations [202]. Numerous studies have shown significant beneficial effects of -3 PUFAs
in patients with DM regarding leukocyte function, glucose metabolism, IR and diabetic
complications [203]. It is believed that ©2-3 PUFAs modulate inflammation by partially
replacing cell membrane-bound §2-6 PUFAs when the former are in high enough
concentration in diet, subsequently generating anti-inflammatory and pro-resolution lipid
mediators. Although, the exact mechanisms of this pro-resolving loop in DM are unclear,
2-3 PUFAs seem to prevent inflammation and metabolic disorder through inhibition of
NLRP3 inflammasome in M® [204].

Since mammals cannot naturally produce ©2-3 PUFAS they must rely on dietary supply to
maintain a balanced Q-6-to-(2-3 ratio [125,126]. Further, the average low purity of Q-3
PUFAs in commercial preparations and the limited rate of gut absorption in the context of
relatively high doses necessary to achieve some of the biological effects observed make the
administration pharmacological doses difficult [127]. Kang ef a/have generated a mouse that
carries fat-1, an enzyme expressed by Caenorhabditis elegans, which adds a double bond
into an unsaturated fatty-acid hydrocarbon chain converting Q-6 to 2-3 PUFAs [128]. This
allowed further investigations on Q-3 PUFAs roles in development of DM. Fat-1 transgenic
mice were protected from becoming diabetic in response to streptozocin through regulation
of inflammation by reducing levels of IL-10, TNFa, NF-xB and 12-HETE [129]. In humans,
genetic variance in the fatty acid desaturase (FADS) gene cluster (FADSI and FADS2)
seems to regulate the fatty acid composition in phospholipids [130,131]. This suggests
potential genetic basis for differential processing of PUFAS to pro- and anti-inflammatory
lipid mediators. Therefore current evidence points to two major rate limiting steps in
metabolism of -3 PUFASs in humans: absorption in the intestine and enzymatic processing
to active metabolites.

As terminal active metabolites of 2-3 PUFAs the pro-resolution lipid mediators LXs, Rvs
PDs and MaRs show great promise as novel therapeutics for modulating unregulated
inflammation associated with DM. As opposed to their precursors DHA and EPA, these
mediators exert their biological actions at nanomolar range. Interestingly, obesity
significantly decreased DHA-derived 17-hydroxyDHA (RvD1 precursor) and PD1 levels in
murine adipose tissue while dietary EPA/DHA treatment restored endogenously synthesized
Q-3-derived mediators, reduced adipose tissue inflammation and improved INS sensitivity in
obese mice [132]. In diabetic 7af-1 mice PGE2 and 12-HETE were decreased while LXA4
and 18-HETE (precursor for RvE1) were highly increased [129]. Interestingly, pancreatic
tissues of fat-1 mice exposed to streptozocin produced high amounts of LXA, and did not
develop DM. Additionally, in vitroand in vivo animal studies on LXA4 have demonstrated
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potent actions to reduce inflammation, promote resolution and increase INS sensitivity in
DM [133,134]. These actions were associated with decrease in pro-inflammatory (IL-6,
TNFa, IFNYy) and increase in pro-resolution cytokines (I1L-10), and increased GLUT-4 and
INS receptor substrate 1 (IRS-1) [135]. Similarly, Rvs, including RvE1, RvD1 and RvD2
counteracted IR adipokine production and monocyte accumulation in adipose tissue,
promoted M2 polarization of M®, improved INS sensitivity, decreased hepatic steatosis and
suppressed pro-inflammatory mediators in pancreatic P-cells [136-141]. One of these studies
found increased INS sensitivity through up regulation of GLUT-4, IRS-1 and PPARY after
treatment of ob/0b mice with 1.2 ng/g body weight RVE1 every 24 h for 4 days [140]. In
addition EPA, the co-3 fatty acid precursor for RvE1, was found to up regulate PPARY in
spleen CD4 T cells [222]. Altogether, these findings suggest that DHA/EPA-derived lipid
mediators can promote DM-associated inflammation and improve INS sensitivity.

3.5.4. Q-3 PUFAs and Derived Mediators for Resolution of Inflammation in CP
—Several reports from animal studies investigating the immune modulatory actions of 2-3
PUFAs in CP suggested a significant role in reduction of inflammatory mediators, oxidative
stress and alveolar bone loss when DHA and/or EPA were added to the diet [223-225]. In
line with these findings a recent human RCT on the effects of fish oils (30% EPA/DHA)
combined with low dose aspirin (81 mg) and SRP compared to SRP and placebo on
periodontal parameters in CP found a significant reduction in probing depths, inflammatory
mediators and a gain in clinical attachment in the treatment group [226]. Similar findings
were reported in a Japanese RCT that investigated the effects of dietary 2-3 PUFASs on
progression of CP over 5 years in senior individuals [227]. High dietary intake of DHA and
to a lesser degree EPA were associated with lower prevalence of CP in a representative US
population sample from the 1999-2004 National Health and Nutrition Examination Survey
(NHANES) [228]. These studies indicated that ©2-3 PUFAs and derived pro-resolution
mediators can modulate periodontal inflammation and promote healing and regeneration.

In animal models of periodontitis RvE1 was shown to protect from inflammation-mediated
alveolar bone loss and promote bone regeneration when used as topical single therapy
[229-231]. Using a critical size defect craniotomy mouse model of bone healing and
regeneration Gao et a/ have shown RvE1 enhances new bone formation through its receptor
ChemR23 (ERV1) [230]. Similarly, in a rabbit model of Porphyromonas gingivalis-induced
CP Hasturk et a/found that topical RvE1 can reduce alveolar bone loss and enhance bone
regeneration [229]. Interestingly, local RvE1 treatment attenuated atherogenesis induced by
periodontitis in the same animal model and prevented vascular inflammation and
atherogenesis in healthy rabbits [232]. RvE1 seems to protect periodontal tissues from
inflammation-mediated destruction mainly by modulating neutrophil infiltration and
function locally [233]. RvE1 enhanced phagocytosis of Porphyromonas gingivalis by
neutrophils in part through modulating the phosphorylation of Akt, the downstream
ribosomal protein S6 and mitogen-activated protein kinases (MAPK) [234]. Similarly, LXA4
topical in micromolar concentration promoted alveolar bone regeneration in an minipig
model of periodontitis by activating osteogenic pathways and promoting endogenous
synthesis pro-resolution mediators [235]. RvD1 enhanced wound closure by promoting
proliferation and migration of periodontal ligament fibroblasts and induced a significant
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decrease in PGE2 levels in these cells [236]. The different actions of pro-resolution
mediators derived from -3 PUFAs is explained in part by the specific receptors used by
individual LXs and Rvs, and receptor distribution in tissues [237]. There are currently
clinical trials in progress evaluating the benefits of resolution molecules (e.g. lipoxin
analogue BLXA4-ME) in the oral cavity, but no data is available to date [238].

FUTURE PERSPECTIVES

In light of compelling evidence that inflammation plays crucial roles in onset and
progression of DM and CP resolution therapeutics needs to be incorporated in individualized
treatment regimens for patients suffering from these conditions. While management of
hyperglycemia in DM and pathogenic sugbgingival biofilms in CP are crucial for preventing
disease progression and onset of complications, resolving local and systemic inflammation
is key to maintaining a healthy immune response to non-self and restoring body
homeostasis. Since M® are central players in homeostasis and host defense possessing
remarkable plasticity in different tissue environments, modulation of M® polarization to a
pro-resolution M2 phenotype seems to address the un-regulated inflammation associated
with DM and CP [239]. One approach to regulate M® polarization is systemic delivery of
immune modulatory drugs such as thiazolidinediones (PPARY agonists). Interestingly,
PPARy-mediated M2 polarization seems to occur systemically as thiazolidinediones up-
regulate M2 markers in monocytes but not resident M® [240]. The other approach is to
polarize M2 MQ ex vivo for therapeutic systemic delivery. M2 macrophages that maintain
their phenotype for up to 4 weeks were safely delivered and improved murine colitis and
pancreatic and renal injury in DM [241,242]. Importantly, the ©2-3-derived pro-resolution
mediators have been shown to skew adipose tissue M® toward an M2 phenotype [243].
Therefore, a third approach to modulation of M® polarization is the use of nano-
proresolving lipid therapeutics in combination with blood glucose lowering medicines. This
approach seems feasible in light of emerging evidence that individualized combined
therapies in the form of polypills can be successful in managing complex conditions such as
cardiovascular diseases and DM [244-246].

CONCLUSION

Management of de-regulated inflammation associated with DM and CP can be addressed
through an integrative approach that addresses systemic immune responses to altered self
and non-self. As central regulators of innate and adaptive immunity M® are an important
therapeutic target for immune modulation. Increasing evidence form in vitroand in vivo
animal and human studies suggests that pro-resolution therapeutics derived from Q-3 PUFAs
have the potential to resolve inflammation and restore homeostasis in DM and CP in part
through regulation neutrophil recruitment and M® polarization.
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Fig. (1). Diabetes Mellitus and Chronic Periodontitis
The interplay between genetics and the environment in pathogenesis of both DM and CP is

subject to intense investigation. A: Regardless of mechanisms of onset elevated blood
glucose levels characterize both types of DM. Immuneor pathogen-mediated destruction of
j-cells and the associated hypoinsulinemia is central to TIDM. A combination between
predisposition to deregulated body adiposity or -cell function and excessive caloric intake
and/or decreased caloric expenditure are central to T2DM. The liver physiologically
maintains blood glucose levels through glycogenolysis (main) and gluconeogenesis
(secondary) in the first phase of fasting (4-16 h postprandial). When exogenous
carbohydrates become available the liver reduces release of stored and de novo synthesized
glucose and delivers absorbed glucose from intestine resulting in increased glycemia that
stimulates -cells to release INS while glucagon secretion is inhibited to ensure uptake and
use of glucose in peripheral tissues, particularly muscle and brain. Excess carbohydrates
lead to sustained hyperglycemia resulting in increased INS release into the circulation.
Development of IR in peripheral tissues prevents adequate uptake and use/storage of
circulating glucose resulting in hyperglycemia and compensatory hyperinsulinemia.
Continuous supra-solicitation of -cells is accompanied by their apoptotic death mostly due
to endoplasmic reticulum stress leading to hypoinsulinemia. Deregulation of lipid,
carbohydrate and protein metabolism and IR in peripheral organs, liver and the
hypothalamus perturb hepatic glucose regulation resulting in massive glucose release into
the circulation. B: Host-biofilm disequilibria are central to pathogenesis of CP. While
putative periodontal pathogens such as Porphyromonas gingivalis, Treponema denticola,
Tannerela forsythia and Aggregatibacter actinomycetemcomitans are associated with
periodontitis, they are not sufficient for disease onset. Multiple host and environmental
factors contribute to host-biofilm imbalance that results in inflammation-mediated loss of
tooth attachment to periodontium. Immune function genes such as IL-1, IL-6, IL-10, CD14
and bone metabolism genes such as vitamin D receptor were linked to CP. Environmental
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factors such as smoking and chronic conditions such as DM significantly increase the risk
for CP and affect its course and response to therapy.
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Fig. (2). Biochemical Mechanisms Underlying Diabetic Complications
Degradation of glucose through glycolysis occurs in the cytoplasm and mitochondria of

most eukaryotic cells. Pyruvate, the end product of glycolysis, enters the citric acid cycle
(Krebs) that is coupled with the mitochondrial electron transport chain to produce high-
energy bonds in ATP for use in cellular activities (green). Deregulation of glycolysis by
excess intracellular glucose mainly resulting in overproduction of ROS leads to inhibition of
GAPDH involved in a rate-limiting step of glycolysis. Subsequent accumulation of
metabolites upstream of glyceraldehyde-3-phosphate leads to activation of polyol (pink),
hexozamine (purple), AGE (orange) and PKC (red) pathways ultimately inducing a pro-
inflammatory phenotype. Abbreviations. AGE, advanced glycation end product; SDH,
Sorbitol dehydrogenase; RCO, reactive carbonyl compounds; GSSG, oxidized glutathione;
GSH, reduced glutathione; P, phosphate; PPP, pyrophosphate; SOD, superoxide dismutase;
GFAT, Glutamine fructose-6-phosphate amidotransferase; SOD, superoxide dismutase; O2-,
superoxide anion; UDPGIcNAc, UDP-N-acetylglucosamine; OGT, O-linked GIcNAc
transferase; PKC, protein kinase C; PARP, poly(ADP-ribose) polymerase; NF-kB, nuclear
factor kappa B; TGFB, transforming growth factor B; ROS, reactive oxygen species; C,
cysteine; 2SC, S-(2succinyl)cysteine (2SC)
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Fig. (3). Inflammation in Pathogenesis of T2DM
Adipose tissue production of chemokines is considered one of the earliest events in

pathogenesis of T2DM (1). Subsequent recruitment of mononuclear cells predominantly
monocytes in adipose tissue (2) generates a local pro-inflammatory state (3) inducing IR in
adipocytes that contributes to hyperglycemia and compensatory hyperinsulinemia ultimately
favoring NLPR3 inflammasome activation and pancreatic stress (4,5). Pancreatic
insufficiency generates chronic hypoinsulinemia that generally characterizes advanced stage
T2DM (5, crossed INS). In response to hypoinsulinemia and activation of Kupffer cells with
subsequent inflammatory-induced hepatocyte IR the liver releases massive amounts of
glucose into the circulation (6,7). The resulting chronic hyperglycemia leads to AGE
formation that further activates immune cells to a pro-inflammatory phenotype closing a
negative self-amplifying vicious circle (8). IR and leptin resistance (LR) in hypothalamic
neurons leads to loss of vagal inhibition of hepatic gluconeogenesis and increased appetite
(9,10). Glial cells may contribute to LR during sustained low-grade inflammation through
synthesis of cytokines for survival (IL-10) and inflammation (TNFa, IL-1p, IL-6) although it
is still controversial. High-fat diet may also induce apoptosis of hypothalamic neurons
through ER stress mediated mechanisms. Abbreviations. CCR2, chemokine C-C motif
receptor; TNFR, TNF receptor; LR, leptin receptor; RAGE, receptor for AGE; TLR, Toll-
like receptor; NLR, NOD-like receptor; IR, INS receptor; GLUT, glucose transporter;
MCP-1, monocyte chemotactic protein-1 = CCL2; IRS1, INS receptor substrate 1; SOCS,
Suppressor of cytokine signaling.
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Fig. (4). Inflammation in pathogenesis of periodontitis
In health, persistent low-abundance commensal bacteria in the subgingival biofilm trigger

neutrophil recruitment to the periodontium and gingival crevicular fluid. In the gingival
crevice, neutrophils form a “wall” between host tissues and bacteria colonizing subgingival
areas contributing to control of biofilm pathogenicity. In gingivitis, neutrophils accumulate
in higher numbers in the tissue and crevicular fluid due to increased biofilm mass,
particularly in early stages of gingivitis. Epithelial and vascular proliferation characteristic to
gingivitis are not associated with loss of tooth attachment to bony housing. In both health
and gingivitis inflammation, resolution leads to restoration of homeostasis once neutrophils
and tissue debris have been cleared by pro-resolution macrophages. In CP, non-resolved
inflammation is characterized by a predominant lymphocyte infiltrate, pro-inflammatory
cytokines and matrix degrading enzymes.
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Fig. (5). Lipid Mediators of Inflammation
During inflammation several lipid mediators are produced to enhance and then to reverse

inflammation. Most mediators derived from AA promote inflammation (PG and LT) but
some newly characterized molecules including lipoxins (LX) are anti-inflammatory. LX are
considered the class switch molecules from pro to anti-inflammatory lipid mediators. The
-3 fatty acids EPA and DHA are processed to resolvins, protectins. Together with LX these
lipid mediators are synthesized trough a trans-cellular process in which intermediates are
synthesized by a cell type and taken by other cell types to produce the final active mediator.
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Fig. (6). Lands’ Cycle
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PUFAs in position sn-2 of membrane PL are released by PLA2 and further processed to lipid
mediators. The remaining LPL depending on X in PO3X may generate LPA (X=02-), PC or
PAF32 (X=choline), PS (X=serine), PE (X=ethanolamine) or PI, PIP2, PIP3 (X=inositol).
Alternatively LPLs may receive a new PUFA through LPLAT closing the Lands’ cycle. In
general PC, PE and PS are not released from the membrane but may be exposed on the outer
leaflet during apoptosis by and enzyme called flippase. Abbreviations. AA, arachidonic
acid; EPA, eicosapentaenoic acid; PLA2, phospholipase A2; LPLAT, lysophospholipid

(LPL) acyltransferase; LPA, lysophosphatidic acid; PAF, platelet activating factor; PlI,

phosphatidy! inositol; PIP, Pl phosphate; PIP2; Pl diphosphate; PIP3, PI triphosphate; PG,
prostaglandin; TX, thomboxane; LT, leukotriene; LX, lipoxin; RVE, resolvin E series; CoA,

coenzyme A.
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Fig. (7). RvE1 Biosynthesis

RVEL1 is synthesized through neutrophil-endothelial cell crosstalk from EPA. Endothelial
cells produces an RVEL intermediate, 18R-hydroxy-EPA, through the 15-LOX pathway
(either a 15-LOX or an acetylated COX-2 by aspirin). The leukocyte processes 18R-
hydroxy-EPA through the 5-LOX pathway to produce RvE1, the final active mediator that is
released to act locally having a short half-life. Synthetic RvE1, which has a longer half-life,
inhibited neutrophil infiltration in different disease models including peritonitis, colitis,
acute lung injury, asthma and periodontal disease. It also promoted molecular pathways
characteristic to the resolution phase of inflammation.
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Table 1

TP- (TXA2) [CL-2]
TP- (TXB2) [L2

Pathway Mediator Receptor [cluster] Actions
COoX PGD2 DP, (€11 Dp, [CL-1] Bronchoconstriction, vasodilation
PGE2 EP, [CL-2; Ep, [CL-1] Tcell survival, |DC chemotaxis/IL-12 synthesis, JEO recruitment
PGF2a oLl cL1 Vasodilation, fever, GIT-SM contraction/relaxation, |gastric acid secretion,
PGI2 EP3 er-sl, EP, e Tmucus
PGJ2 Fp [CL-2) secretion, 1T-cell chemotaxis, maintains PDA
15d-PGJ2 Ip [CL-1 Bronchoconstriction, uterus contraction
TXA2 DpP, [CL-1] Bronchodilation, vasodilation, | platelet aggregation
TXB2 PPARY, DP, [CL-1] Vasodilation

JINOS, |MMP, 1PMN apoptosis (PPARY)
fchemotaxis, TCAM expression (DP,)
Vasoconstriction, Tplatelet aggregation
Vasoconstriction

LOX 5(S)-HETE BLT2 [CL-5]
12(S)-HETE BLT?2 [CL-5]
15(S)-HETE BLT2 [CL-5]

1TPMN chemotaxis, constriction, Tmucus (L)
TPMN chemotaxis
TPMN chemotaxis

LTA4 Cys-LT1, Cys-LT2 Intermediate compound
LTB4 BLT1, BLT2 TPMN chemotaxis, degranulation, 02~
LTC4,D4,E4 | Cys-LT1, Cys-LT2 SRS-A
LXA2 ALX [cL] Vasodilation, |PMN chemotaxis, Jneovascularization
LXB2 ALX [CL-5] 1iNOS, 1PGI2, tMO—PMN clearance
gzgé ChemR23 [CL-5] gLT1 [CLS] EPN'NI E(t)tchsmé)iaxlsl, T ((:jCRS on PMN, |DC chemotaxis/IL-12
ChemR23, BLT1 quivalent to RVEL in low doses
CYT P450 | EETs TP- (TXA2)CL2] Vasodilation
11,12 diHETE Vasodilation?
19-HETE Vasodilation by |20-HEPE
20-HETE Vasoconstriction

Adapted from various sources: Review PGD2 and PGJ2 [178]; lipid mediator receptors [154,179]; CYT P450 metabolites [180]; RVE review [181].
Abbreviations: CAM, cell adhesion molecule; DC, dendritic cell; EO, eosinophil; GIT-SM, gastrointestinal tract smooth muscle; L, lung; M®,
macrophage; PDA, patent ductus arteriosus; PMN, polymorphonuclear neutrophil; SRS-A, slow-reacting substance of anaphylaxis; Note: CYT
P450 enzymes may also generate precursors for synthesis of LX, Rv and PD.
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