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Abstract
Diabetes mellitus is a metabolic disorder that leads to the development of a number of
complications. The etiology of each diabetic complication is undoubtedly multifactorial. We will
focus on one potential component that may be common in many diabetic complications,
dysregulation of innate immunity associated with an increased inflammatory response. High
glucose levels lead to shunting through the polyol pathway, an increase in diacylglycerol which
activates protein kinase C, an increase in the release of electrons that react with oxygen molecules
to form superoxides, and the non-enzymatic glycosylation of proteins that result in greater
formation of advanced glycation end products. Each of these can lead to aberrant cell signalling
that affects innate immunity for example, by activating the MAP kinase pathway or inducing
activation of transcription factors such as NF-kappaB. This may be a common feature of several
complications including periodontal disease, atherosclerosis, nephropathy, impaired healing and
retinopathy. These complications are frequently associated with increased expression of
inflammatory cytokines such as TNF-alpha, IL-1beta and IL-6 and enhanced generation of
reactive oxygen species. Cause and effect relationship between dysregulation of key components
of innate immunity and diabetic complications in many instances have been demonstrated with the
use of cytokine blockers and antioxidants.
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2. INTRODUCTION
Diabetes mellitus is a metabolic disease estimated to affect over 19 million people in the
United States. Based on an evaluation of NHANES 1999-2002, the prevalence of diagnosed
and undiagnosed diabetes was estimated at 9.3% in U.S. adults, with an additional 26%
having the prediabetic condition of impaired fasting glucose (1). The two major forms of
diabetes mellitus are type 1 and type 2. They share similar diabetic complications but have
distinct etiologies. Type 1 diabetes occurs when the beta cells of the pancreas are destroyed
and insufficient amounts of insulin are produced. In most cases, type 1 diabetes is due to
autoimmune-induced inflammation with destruction and apoptosis of beta cells (2). This is
usually associated with infiltration of innate immune cells that produce cytokines such as
tumor necrosis factor alpha (TNF-alpha) which promote beta cell apoptosis and increased
infiltration of islet-specific T cells which attack and destroy beta cells (3).
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Approximately 90% of patients with diabetes have type 2 diabetes (4). The development of
type 2 diabetes is directly related to increased amounts of visceral adipose tissue (5, 6).
Weight gain in early adulthood is linked to a higher risk and earlier onset of type 2 diabetes
and is particularly troublesome considering that the incidence of obesity has increased
progressively over the last 5 decades (7, 8). Adipose tissue is viewed as an active hormone-
regulating organ that releases metabolically active molecules that can inhibit the body’s
ability to respond to insulin contributing to insulin resistance (9). Early in the development
of type 2 diabetes, insulin resistance requires the production of extra insulin to maintain
normal blood glucose levels. In the majority of obese individuals, hyperinsulinemia can
occur with an increase in beta-cell mass that facilitates increased production of insulin (10).
As a result these individuals do not develop diabetes. However, approximately one third of
obese individuals exhibit a decrease in beta-cell mass caused by beta-cell apoptosis
rendering these individuals incapable of compensating for the insulin resistant state. It is at
this point that hyperglycemia becomes evident, leading to a diagnosis of type 2 diabetes.
Thus, type 2 diabetes is caused by a combination of insulin resistance coupled with
insufficient production of insulin to overcome the insulin resistance. (4). It is striking that
both type 1 and type 2 diabetes are negatively affected by the death of beta cells in the
pancreas resulting in inadequate insulin production. For this reason the term, non-insulin
dependent diabetes (NIDDM) has been replaced by the term, type 2 diabetes.

3. EFFECTS OF HYPERGLYCEMIA ON METABOLIC AND SIGNALLING
PATHWAYS

Diabetes is associated with a number of factors that can cause complications including: 1)
shunting through the polyol pathway, 2) enhanced oxidative stress, 3) high levels of protein
kinase C activation (PKC), and 4) enhanced formation of advanced glycation endproducts
(AGEs). Abnormalities in each of these pathways may affect a number of important cellular
and molecular events, which combined lead to pathologic changes. One of these
disturbances may be dysregulation in innate immunity as exemplified by the excessive
production of TNF-alpha in diabetic compared to normals (11-16). Excessive production of
TNF-alpha is associated with many diabetic complications. It is expressed at higher levels in
type 1 and type 2 diabetic mice in response to bacterial inoculation, in response to
lipopolysaccharide (LPS) and in complications such as diabetic retinopathy, nephropathy,
neuropathy and impaired wound healing (17-22). Enhanced levels of TNF-alpha and high
glucose conditions have additive effects in stimulating NF-kappaB activation and may be
important in diabetes-enhanced inflammation (23), (24). Thus, when TNF–alpha is inhibited
high levels of chemokine expression observed in diabetic mice is reversed (25) diabetes
impaired wound healing is improved (26, 27) and sodium retention and renal hypertrophy
associated with diabetic nephropathy is reduced (28).

3.1. Polyol Pathway
During hyperglycemia excess glucose levels lead to the activation of the polyol pathway and
enhanced formation of sorbitol and fructose through the activation of aldose reductase and
sorbitol dehydrogenase (14, 29). An informative diagram can be found in ref (30). Shunting
through the polyol pathway enhances the formation of advanced glycation endproducts and
leads to greater production of reactive oxygen species (ROS) and nitric oxide (NO) (12, 31,
32). Each of these factors can contribute to inflammation. Inhibition of aldose reductase in
hyperglycemic conditions reduces high-glucose induced PKC activation, nuclear
translocation of NF-kappaB, phosphorylation of IKK, and reduces high glucose stimulated
intracellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1
expression (33-35). The diversion of glucose to the polyol pathway affects innate immunity
by reducing neutrophil opsonophagocytosis, which is improved by blocking aldose
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reductase (36). Inhibiting aldose reductase also decreases the neutrophil respiratory burst
and production of oxygen free radicals which are elevated by high glucose levels (37, 38).
Lastly, neutrophils from diabetic patients exhibit defects in bacterial killing which are
reversed by treatment with an aldose reductase inhibitor (39). Thus, the use of aldose
reductase inhibitors demonstrates that increased shunting through the polyol pathway
contributes to altered innate immunity in diabetics.

3.2. Oxidative Stress
Diabetes results in an increase in oxidative stress through enhanced formation of
superoxides as well as a decrease in anti-oxidant capacity (40, 41). One of the effects of
hyperglycemia is that electron transport chains in mitochondria become overloaded, which
leads to the release of electrons that react with oxygen producing superoxides, increasing
oxidative stress inside the cell (42). Oxidative stress can damage cell membranes, proteins
and DNA (43, 44). Reactive oxygen species (ROS) can also lead to stimulation of an innate
immune response through the induced production of proinflammatory cytokines. It has been
shown that ROS can stimulate cytokine production through activation of MAP kinase
signaling (45, 46). ROS can also enhance inflammation by increasing the phosphorylation of
I-kappaB, which leads to activation of NF-kappaB (47). Activation of NF-kappaB is
necessary for the expression of key elements of the innate immune system. The functional
role of diabetes enhanced ROS in contributing to dysregulation of innate immunity and
diabetic complications have been demonstrated with antioxidant therapy. Treatment of STZ
induced diabetic rats with the anti-oxidant butylated hydroxyanisole decreased production of
TNF-alpha and IL-1beta by peritoneal macrophages. It also inhibited the release of
superoxides and nitric oxide from macrophages (48). Treatment of diabetic rats with the
antioxidant astragalus saponin reduced oxidative stress, renal hypertrophy, and
microalbuminuria that occur in diabetic nephropathy (49).

3.3. Protein kinase C
Diabetes elevated PKC has been linked to diabetic complications. One of the products of
glycolysis, which is elevated when glucose levels are high, is dihydroxyacetone phosphate,
which in some tissues is reduced to glycerol phosphate and converted to diacylglycerol.
Diacylglycerol in turn activates PKC (15, 16, 50). Diabetes associated PKC activity is also
enhanced by increasing the NADH/NAD+ ratio (15, 51). Various PKC isoforms are
involved in NF-kappaB activation and subsequent production inducible nitric oxide synthase
and TNF-alpha (52-54). Increased PKC activity in neutrophils from diabetic patients
stimulates the release of superoxide ions (55). A cause and effect relationship between
diabetes, increased PKC activity and activation of innate immunity has been shown with
inhibitors. Hyperglycemia leads to greater MAP kinase signalling, NF-kappaB activity and
production of cytokines such as IL-6, which is reversed with PKC-alpha/PKC-beta
inhibitors (56). Inhibition PKC-beta in diabetic rats decreases macrophage infiltration to the
kidney compared with diabetic animals which were not treated with the inhibitor (57).

3.4. Advanced glycation endproducts
Hyperglycemia as well as aging is associated with the enhanced formation of advanced
glycation endproducts (AGEs) (13, 15). The non-enzymatic glycosylation of proteins that
occurs as a result of hyperglycemia can cause cross-linking of molecules such as basement
membrane proteins that alter tissue function (13, 15, 58). Glycosylation also causes proteins
to acquire functions that they normally do not possess by binding to receptors for AGEs on
cell surfaces. For example, glycosylation of collagen and albumin confers signalling
properties to these molecules so that they then possess pro-inflammatory and pro-apoptotic
activity (50, 59-62) AGEs also have the capacity to stimulate migration of mononuclear
phagocytes (63, 64). Blockage of RAGE in diabetic mice reduces TNF-alpha and IL-6
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production and decreases activity of matrix metalloproteinases which degrade extracellular
matrix proteins (22, 65).

4. DIABETIC COMPLICATIONS
Dysregulation of metabolic or signalling pathways may contribute to diabetic complications
by affecting a number of critical cellular events. For the purpose of this review we will focus
on one aspect, the potential impact on innate immunity. There is evidence that periodontal
disease, cardiovascular disease, nephropathy, impaired fracture healing and retinopathy are
negatively affected by diabetes and that alterations in innate immune responses may
participate in the pathologic process. Periodontal disease

4.1. Periodontal disease
Periodontal disease is one of the known complications of diabetes (66). The innate immune
system is thought to play a major role in the progression of periodontal disease in part
through the production of proinflammatory cytokines (67, 68). There is considerable
evidence that diabetes enhances the innate immune response in the periodontium. IL-1beta,
TNF-alpha and the chemokine MCP-1 are elevated in the gingival crevicular fluid or serum
of diabetic patients and are correlated with increased periodontal tissue destruction (69-72).
Monocytes from patients with type 1 diabetes produce significantly greater amounts of
TNF–alpha, IL-1beta and PGE2 in response to LPS compared to matched normoglycemic
individuals (72, 73). Diabetics have enhanced gingival bleeding, increased loss of
attachment, greater pocket depth formation and increased loss of alveolar bone (74, 75).
Periodontal ligament and gingival fibroblast had enhanced collagenolytic activity when
exposed to IL-1beta produced by LPS stimulated phagocytes (76). There is evidence that
there is a bidirectional relationship between periodontal disease and hyperglycemia whereby
periodontitis enhances the level of hyperglycemia in diabetics (77). However, this concept is
controversial since there are several studies which dispute it (77). After A.
actinomycetemcomitans inoculation, diabetic NOD mice showed significantly higher
alveolar bone loss compared with pre-diabetic and nondiabetic NOD mice. They also
showed significantly higher receptor activator of nuclear factor kappaB ligand (RANKL)
expression and when treated with osteoprotegerin (OPG), diabetic mice showed a significant
reversal of alveolar bone loss, as well as reduced RANKL expression. (78). Mechanisms by
which diabetes may impact aspects of the innate immune response associated with
periodontal tissue loss such as increased cytokine and superoxide production are discussed
below.

In vivo studies have been carried out to examine the effect of diabetes on the response of
leukocytes to inflammatory stimuli such as LPS. Prolonged expression of the chemokines
MCP-1 and MIP-2 as well as the cytokines TNF–alpha and IL-6 in diabetic compared to
normal animals has been shown to occur during wound healing (79). More persistent high
levels of TNF–alpha have also been observed with an experimental buccal Streptococcal
infection (80). We examined the innate immune response to P. gingivalis in type 2 diabetic
and normal control mice (25). At a high dose, a severe inflammatory infiltrate of PMNs
formed one day after inoculation that was largely resolved after three days in the control
group. In the diabetic, the initial lesion formation was similar but resolution was
significantly less three days after inoculation (Figure 1A). A smaller bacterial inoculum gave
a similar pattern of more prolonged inflammation in the diabetic mice in response to P.
gingivalis. Cytokine expression was measured at the RNA level from tissue obtained at the
site of bacterial inoculation. P. gingivalis stimulated TNF expression to a similar extent in
both diabetic and control animals one day after inoculation. On day 3, TNF expression was
still high in the diabetic but had decreased considerably in the control mice. A similar
pattern was observed for the mRNA levels of the chemokines MIP-2 and MCP-1. The
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finding that early expression of MIP-2, which is functionally equivalent to human IL-8, was
similar in normal and diabetic mice is consistent with histologic results quantifying PMN
infiltration. To determine whether TNF dysregulation played a significant role in the
prolonged expression of chemokines, the TNF specific inhibitor, etanercept was used
(Figure 1B). Diabetic mice treated with TNF inhibitor had significantly reduced levels of
both MCP-1 and MIP-2 expression compared to control diabetic mice treated with PBS
(p<0.05).

We also investigated whether diabetes affects inflammation in a type 2 diabetic rat in which
periodontal bone loss is induced by the placement of ligatures around the teeth. In this
model the ligature was kept in place for 7 days to promote plaque accumulation, gingival
inflammation and periodontal bone loss. Animals were also observed 4 and 9 days after the
ligature removal to assess the resolution of the inflammatory events and the capacity to
repair resorbed bone. As shown in Figure 2A, diabetes increased the intensity and duration
of the inflammatory infiltrate (P<0.05). This was also associated with greater
osteoclastogenesis (81) Once bone is resorbed it is repaired by new bone formation by a
process referred to as coupling (82). If the amount of new bone formed is equal to the
amount loss there is no bone loss, a process which occurs in physiologic bone remodeling in
healthy young adults. When the amount of new bone formation following resorption was
measured the amount was 2.4 to 2.9 fold higher in the normal versus diabetic rats (P<0.05).
Diabetes also increased apoptosis and decreased the number of bone-lining cells, osteoblasts
and periodontal ligament fibroblasts. There was a 5 fold increase in osteoblast apoptosis and
2.7 fold increase in PDL fibroblast apoptosis in the diabetic animals (P<0.05) (81). Thus,
diabetes caused a more persistent inflammatory infiltrate. Thus, it is our hypothesis that
diabetes enhanced inflammation may negatively affect the periodontium by limiting
reparative bone formation, i.e. by interfering with coupling. This process may involve
inflammation associated death of osteoblasts and their precursors in the diabetic animals (81,
83). However, further investigation is needed to firmly establish these concepts.

Phagocytosis and killing of bacteria are reduced in diabetics and may contribute to increased
susceptibility to periodontal pathogens (84-87). Interestingly diabetics are not more
susceptible to all infections but seem to be particularly more vulnerable to gram negative
infections (88). These may include urinary tract infections, soft tissue infections and
periodontal disease (66, 88-90). Soft tissue infections, especially those associated with
human or animal bites may involve gram negative oral pathogens, as does periodontitis
(91-93). Enhanced susceptibility to periodontal pathogens is one of the significant and
characteristic complications of diabetes (66, 94).

Advanced glycation end products have been shown to contribute to diabetes-enhanced bone
loss in a murine model of periodontitis (65). Interestingly, when AGEs were blocked there
was a reduction in TNF-alpha and IL-6 (65). Thus, a mechanism by which AGEs could
potentially enhance periodontitis is through enhanced activation of innate immunity. This
possibility is supported by findings that the natural ligand for the AGE receptor, RAGE, has
pro-inflammatory activity (95). Moreover, inhibition of AGEs decreases the levels of
inflammatory cytokines in diabetic animals during cutaneous wound healing, consistent with
results seen in the periodontium (22).

4.2. Cardiovascular disease
Diabetes is known to cause macrovascular complications, which are highly influenced by
inflammatory cytokines associated with innate immunity (96) It is noteworthy that inhibiting
the activity of pro-inflammatory molecules prevents the early steps in atherogenesis (97).
Inflammation can also contribute to morbidity by enhancing the progression from early
lesions to culprit lesions by promoting erosion and apoptosis of the plaque making it more
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likely to rupture (96). Systemic conditions play an import role in exacerbating atherogenesis,
such as hypertension and diabetes (98-100). Factors that enhance systemic inflammation
may also increase the risk of cardiovascular diseases (101). Anaerobic bacteria, such as
Chlamydia pneumoniae and Helicobacter pylori have been linked to higher rates of
atherosclerosis (102, 103). Furthermore, Gram-negative pathogens associated with
periodontal disease have also been linked to atherosclerotic plaque formation (104, 105). In
this regard, it is thought that periodontal disease can lead frequent bacteremia thereby
inducing a systemic inflammatory response (106, 107).

Bacteria-induced systemic inflammation may be aggravated by diabetes and represent a
mechanism for enhanced atherogenesis. We examined the induction of cytokines of the
innate immune response in cardiovascular tissue following subcutaneous inoculation of LPS
in db/db mice and matched controls. Subcutaneous inoculation of lipopolysaccharide
stimulated a local inflammatory response, as expected. Within 6 hours of subcutaneous LPS
administration mRNA levels of pro-inflammatory gene expression had increased several
folds in both the diabetic and normoglycemic groups at both the site of inoculation (scalp)
and at a distant site, the cardiovascular tissue. However, the values were higher in the
diabetic group at both sites (Table 1). Despite similar serum endotoxin levels, diabetic mice
had peak TNF–alpha levels that were seven time higher than that of normoglycemic mice
(18).

Interestingly, a link has been established between endotoxemia and atherosclerosis. Higher
than normal endotoxin levels are associated with a threefold higher risk of developing
atherosclerosis (108). Moreover, endotoxemia enhances formation and progression of early
atherosclerotic lesions in a mouse model (109). This suggests that a “chronic” gram negative
infection that causes endotoxemia could potentially aggravate the atherosclerotic process.
Thus, infections by gram negative organisms that lead to endotoxemia may promote an
inflammatory response that affects cardiovascular tissue. If this occurs in diabetics the
response may be even greater than that expected in normal individuals and may in part,
contribute to enhanced atherogenesis in diabetics.

4.3. Nephropathy
Diabetic nephropathy is another diabetic complication associated with dysregulation of the
innate immune response. It is characterized by a thickening of the basement membrane,
expansion of the mesangium, reduced filtration, albuminuria and ultimately renal failure.
The innate immune system contributes to development of diabetic nephropathy from
damage associated with increased infiltration of leukocytes and production of
proinflammatory cytokines (110-113). Studies showed increased infiltration of macrophages
and neutrophils throughout the renal parenchyma of both db/db mice and STZ induced
diabetic mice (110-112). The inflammatory cytokines TNF-alpha, IL-1beta and INF-gamma
as well as iNOS are overexpressed in diabetic kidneys (112-115). STZ induced diabetic rats
showed that renal cortical mRNA levels of TNF-alpha, IL-1 and IL-6 were 2.4-, 1.2- and
3.4- fold higher respectively than normal control. Kidney weight and urinary albumin
excretion were significantly associated with renal mRNA expression of TNF-alpha and IL-6.
(116). Treatment of diabetic mice with an antagonist to the chemokine receptor CCR-1
resulted in decreased infiltration of macrophages and decreased expression of
proinflammatory mediators (110). Likewise, ICAM-1 deficiency reduces macrophage
infiltration and renal injury associated with diabetic nephropathy (117, 118). These findings
suggest that enhanced activation of the innate immune response contributes to diabetic
nephropathy through increased production of inflammatory cytokines leading to tissue
injury. This association is similar to the impact of diabetes on the periodontium and may
contain common elements.
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4.4. Impaired fracture healing
Diminished bone formation and impaired fracture healing have been observed in animal
models and in patients with diabetes. Normal fracture healing is facilitated by a callus which
forms a cartilage matrix, which is resorbed and followed by endochondral formation around
the fracture site. The callus stabilizes the fracture and allow healing to proceed. To gain
insight into how diabetes affects fracture healing experiments were carried out focusing on
the impact of diabetes on the resorption of cartilage (119) in a type 1 diabetic model.
Counter to expectations there was relatively little difference in the initial formation of the
callus. However, diabetes caused an increase in mRNA levels of TNF-alpha, MCSF, and
RANKL (Figure 3). The mRNAs encoding ADAMTS 4 and 5, major aggrecanases that
degrade cartilage, were also elevated in diabetic animals (119). The increase in factors that
participate in the host response and play an important role in stimulating bone resorption
resulted in an increase in osteoclastogenesis. The increased osteoclast activity, in turn, led to
greater resorption of cartilage and as a result, a smaller callus. This may explain a decrease
in callus size and a decrease in the strength of healing bone that is typically found in diabetic
fracture healing (120-122). It is also interesting to note that in TNF receptor deficient mice
fracture healing is impeded because there is a delay in osteoclast formation and as a result,
cartilage is not removed in timely fashion (123). This in turn interferes with endochondral
bone formation in the fracture callus. Thus, in diabetes there are high levels of TNF–alpha
and increased osteoclastogenesis that leads to excessive removal of cartilage, while in TNF
receptor deficient mice there is a delay in osteoclast formation and failure to remove
cartilage in timely fashion. In both cases, excessive or delayed removal of cartilage leads to
either impaired or delayed fracture healing.

4.5. Retinopathy
One of the principle long-term complications of diabetes is microvascular disease (124).
This is manifested in the eye as diabetic retinopathy and in other tissues leading to problems
such as neuropathy and nephropathy. Diabetic retinopathy is a disease of the extreme
posterior part of the retina. The earliest clinical lesions of diabetic retinopathy, “dot”
hemorrhages and microaneurysms are generally asymptomatic and characterized by the loss
of microvascular endothelial cells and pericytes (125-127). This stage is termed
nonproliferative retinopathy. Since the initial observation of capillary microaneurysms by
MacKenzie and Nettleship in 1879 (128), abnormalities of the retinal vasculature have been
known to play a central role in the pathogenesis of diabetic retinopathy. The loss of
microvascular cells is an early event in diabetic retinopathy that leads to a loss of perfusion
and eventual hypoxia (126, 127, 129, 130). Hypoxia in turn induces the expression of
angiogenic factors as a compensatory reaction leading to the next phase, proliferative
diabetic retinopathy. It is during the later phase that vision is impaired.

It has recently come to light that diabetes increases the level of inflammation in the early
stages of diabetic retinopathy and that this inflammation may be critical in the loss of
pericytes and endothelial cells (131). One of the inflammatory factors that are elevated is
TNF–alpha. TNF levels are higher in diabetic retinas and linked to the early inflammatory
events of diabetic retinopathy (20, 132, 133). The best evidence that TNF plays a role in the
pathology of the diabetic retina comes from studies using TNF inhibitors. Joussen and
colleagues reported that inhibiting TNF caused a significant reduction in the expression of
inflammatory molecules such as ICAM-1 that were elevated in diabetic rats (133). TNF
inhibition also reduced the effect of diabetes-enhanced leukocyte adhesion, expression of
eNOS, activation of NF-kappaB and blood-retinal barrier breakdown. In addition, positive
results have been obtained in humans using a TNF inhibitor to treat diabetic macular edema
(134). Treatment with the TNF inhibitor etanercept in a related experimental pathology, LPS
induced uveitis, significantly reduced inflammation and apoptosis in the retina (135). These
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studies support the notion that excessive levels of TNF-alpha contribute to the early events
of diabetic retinopathy in particular, because it is a potent inducer of apoptosis in
microvascular cells (136, 137). Aspirin and other salicylate anti-inflammatory drugs
inhibited activation and nuclear translocation of NF-kappaB, expression of inflammatory
markers and the loss of microvascular cells, emphasizing the role of inflammation in the
early stages of this diabetic complication. (138, 139).

5. CONCLUSIONS
The impact of diabetes on metabolic pathways, their impact on innate immunity and
contribution toward diabetic complications including periodontal disease are shown in
Figure 4. A number of pathways are affected by diabetes due to hyperglycemia. These
include increased oxidative stress, shunting through the polyol pathway, elevated PKC
activity and accelerated formation of advanced glycation end products. These disturbances
may lead to alterations in innate immunity by enhancing the infiltration by monocytes and
PMNS, increased expression of pro-inflammatory cytokines, and deficits in bacterial killing.
Each of these parameters may come into play in periodontal diseases aggravated by
diabetes. For example, decreased bacterial killing may facilitate the growth of pathogens. An
altered innate immune response to periodontal pathogens can lead to greater or prolonged
expression of cytokines that stimulate bone resorption and may limit bone repair.
Interestingly, similar abnormalities are noted in other diabetic complications such as
retinopathy, nephropathy and impaired fracture healing. The advances in specific inhibitors
and anti inflammatory drugs provide therapeutic possibilities for these complications and
improving the quality of life for diabetic patients.
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Figure 1.
Diabetes leads to a more persistent inflammatory infiltrate P. gingivalis was inoculated
subcutaneously into the scalp. One day after inoculation there was a pronounced and
equivalent inflammatory infiltrate in type 2 diabetic (db/db) mice and normoglycemic (db/+)
mice (data not shown). A. Three days later the infiltrate was more pronounced in the
diabetic mice than control group. B. Inhibition of TNF substantially reverses diabetes-
enhanced chemokine dysregulation. Diabetic db/db mice were inoculated with P. gingivalis
and treated with etanercept (TNF-inh) or vehicle alone (PBS). RNA was extracted 3 days
following inoculation and compared to the zero time point (0). MIP-2 and MCP-1 mRNA
levels were substantially improved in the etanercept treated diabetic mice indicating that
TNF plays an important role in diabetes-elevated chemokine expression. Adapted with
permission from 25).
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Figure 2.
Diabetes prolongs periodontal inflammation and impairs bone formation following
resorption. Ligatures were placed around the molar teeth of ZDF type 2 diabetic and
normoglycemic control rats and left in place for seven days. Rats were euthanized prior to
placement of ligatures (no ligatures), immediately after removal (7 day) or 4 (4+7) or 9
(9+7) days following ligature removal. A. The interproximal gingiva between the 1st and
2nd and 2nd and 3rd molars was examined for the presence of inflammatory cells (PMNs
and mononuclear cells) in HandE stained sections using the following scale: 0 (no
inflammation), 1 (slight), 2 (moderate), 3 (severe). B. The area of new bone formation was
measured in relationship to a reversal line identified in TRAP stained sections. Each value is
the mean of five to seven rats + SE. 1 indicates significant difference between diabetics and
normoglycemic control rats (P<0.05). Adapted with permission from (81).
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Figure 3.
Diabetes results in enhanced expression of cytokines that regulate osteoclast formation
during fracture healing. Fractures were induced in the tibia or streptozotocin induced
diabetic and normoglycemic mice. Total RNA from diabetic and normoglycemic mice was
extracted, purified and evaluated by real-time PCR. Data for each cytokine were normalized
to the value obtained from normoglycemic mice at Day 12, which was set as relative
expression = 1. (1) represents (p<0.05) between normal and diabetic. (2) represents (p<0.05)
between one time point and the previous time point. Adapted with permission from (81).
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Figure 4.
Metabolic dysregulation caused by hyperglycemia alters the innate immune response and
contributes to diabetic complications. Due to complexity, the detailed interactions between
different pathways are not shown. Hyperglycemia caused by diabetes leads to an increased
oxidative stress, activation of the polyol pathway, formation of AGEs and increased PKC
activity. These factors affect the innate immune system by increasing proinflammatory
cytokine expression such as TNF-alpha, enhancing PMN and monocyte recruitment and
impairing bacterial killing. These alterations may contribute to complications seen in
diabetes.
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Table 1

Fold maximum stimulation (Diab/Cont)

Heart/Aorta Inoculation Site

TNF-alpha 2.61 2.31

MCP-1 1.51 1.91

ICAM-1 1.51 2.31

MIP-1 alpha 2.71 1.3

The inflammatory response to subcutaneous injection of LPS is greater in diabetic than normoglycemic animals at both the site of inoculation and
at a distant site, cardiovascular tissue. LPS was inoculated into the scalp and RNA was extracted from the site of inoculation and the heart/aorta at
1.5, 6 and 24 hours after inoculation. The fold difference between diabetic and normal mice at the time of peak expression is shown.

1
indicates a significant difference between diabetic and normoglycemic groups (P<0.05)
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