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Commonality in chronic
inflammatory diseases:
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Diabetes, coronary artery disease, and adult period-
ontitis are common chronic diseases observed in a
significant proportion of the adult US population.
Diabetes is a metabolic disease that, due to dis-
turbances in insulin production, leads to abnormal
fat, sugar, and protein metabolism and resultant
hyperglycemia that can ultimately induce diverse
multiple systems pathologies (164). This disease
affects approximately 18 million individuals with an
increase of approximately 1.3 million new cases a
year in people aged 20 years and older (106). Global
estimates by Zimmet & McCarty (173) predicted 216
million diagnosed cases of Type 2 diabetes by 2010.
The American Diabetes Association reports a direct
medical cost in 2002 of $92 billion, with combined
direct and indirect expenditures (disability, work loss,
premature mortality) attributable to diabetes esti-
mated at $132 billion (4, 59).

Overall, these cost figures underscore the enor-
mous economic impact related to the treatment and
control of diabetes in this country. In addition to a
monetary burden, diabetes patients are also at
increased risk of premature death related to vascular
disease manifested as coronary heart disease,
cerebrovascular accidents, and peripheral vascular
disease (5, 108). The magnitude of the need for
additional research initiatives and clinical interven-
tions for diabetes is very apparent with expenditures
climbing higher and higher and no cure available.
There are a number of chronic disease processes
associated with the development of long-term
hyperglycemia, with cardiovascular diseases and
periodontal infection among the most common.
According to WHO estimates, cardiovascular diseases
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are responsible for 16.6 million deaths around the
world (67). Of these diseases, coronary artery disease
caused 7.1 million deaths. In addition, cardiovascular
disease is the leading cause of diabetes-related
deaths, diabetes resulting in a 2-4 times greater risk
of developing cardiovascular disease (76, 171).

Like coronary heart disease, periodontitis is also
exacerbated by the diabetic state, which leads to
more severe and rapid disease progression (153).
Periodontitis is an infection caused predominately by
gram-negative organisms in the plaque biofilm that
affects 7-15% of the adult population (115). Perio-
dontal research over the last 30-40 years has been
instrumental in providing an insight into the impact
of severe periodontitis on systemic health. Although
bacteria must be present for periodontal disease to
occur, a susceptible host is also required. The im-
mune response that develops in the gingival and
periodontal tissues in response to the chronic pres-
ence of plaque bacteria results in the destruction of
structural components of the periodontium, leading,
ultimately, to the clinical signs of periodontitis (118).
The host response is determined primarily by genetic,
environmental, and acquired factors. The host re-
sponse is essentially protective in nature. However, a
hyper-responsive inflammatory trait associated with
an impaired host immune response could result in
enhanced tissue destruction.

An abnormal inflammatory response, which has
been referred to as a hyper-inflammatory trait (114,
133), has been linked to diabetes, where there is an
increased susceptibility to infections, such as perio-
dontal disease, and also to cardiovascular disease,
which is more inflammatory in nature. The



Periodontitis, diabetes, and coronary artery disease

‘hyper-inflammatory trait’ is associated with an
exaggerated secretion of innate inflammatory medi-
ators and systemic markers of inflammation. It is
suggested that this process mechanistically contri-
butes to the pathology associated with these chronic
disease processes. Traditionally, diabetic complica-
tions have been attributed to the hyperglycemic state,
which over time results in the irreversible covalent
modification (glycosylation) of structural proteins
and lipids that make up the extracellular matrix and
connective tissues, as well as the vascular tissues
(18, 62, 151). These structural changes result in
impaired capillary function, poor blood perfusion of
tissues and organs, and the release of reactive oxygen
species (oxidative stress), triggering a systemic
inflammatory process. The activation of inflamma-
tion at a systemic level results in chronic elevation of
inflammatory mediators and acute phase reactants
such as C-reactive protein, elevated fibrinogen, and
lowered albumin - all hallmarks of the acute phase
reaction observed in diabetes, coronary heart disease,
and periodontitis (9, 58, 125, 139, 145). Thus a hyper-
inflammatory trait may predispose an individual to
more severe systemic disease as a result of over-
expression of inflammatory mediators and may ulti-
mately lead to metabolic dysregulation in the person
who has diabetes or who are at risk for developing the
disease.

Acute infection is a metabolic stressor, resulting in
an increased demand for insulin, glucose, and lipids
(28, 41, 70). Infection results in the systemic chal-
lenge of pyrogenic cytokines such as interleukin (IL)-
1B, tumor necrosis factor-o and IL-6, which block
lipoprotein lipase activity, leading to decreased
transportation of blood lipids from the circulation
into the cells (16, 36, 50, 54, 141). This elicits
hyperlipemia, reflected clinically as an increase in
low-density lipoprotein and total cholesterol (37).
Tumor necrosis factor-o and IL-1B promote glyco-
genolysis and impaired glucose uptake by cells in the
periphery, presumably by an effect on glucose
transport receptor expression, leading to hypergly-
cemia (26, 38, 45, 50, 130, 148). These cytokines also
induce insulin resistance by inhibiting the insulin
receptor tyrosine kinase and other signaling proteins
(16, 97, 117, 165), further increasing the physiological
demand for insulin secretion. Clinically, this insulin
resistance manifests as elevations in fasting and
postprandial serum insulin, increased C-peptide (the
N-terminus pro-peptide region of the insulin mole-
cule that accumulates when excess insulin is syn-
thesized and released), and impaired glucose
tolerance. Therefore, an infectious challenge can

induce a metabolic diabetic state, which, if the
infection is ephemeral, is generally considered
reversible. However, it is not known what metabolic
changes occur when this process is not acute, but
chronic and asymptomatic in nature. Since coronary
heart disease and periodontitis both possess inflam-
matory components that result in the production of a
similar cytokine profile, these chronic disease pro-
cesses could serve as a stimulus to a systemic-based
inflammatory response that may represent a previ-
ously underestimated metabolic stressor in diabetic
patients, enhancing insulin resistance and impairing
insulin secretion and leading to increased morbidity
associated with diabetic complications. Further, the
inflammatory component provides an important
linkage of diabetic metabolic dysregulation, perio-
dontal disease severity, and the development of cor-
onary heart disease. In this review, we propose an
overall hypothetical working model that is illustrated
in Fig. 1. This model suggests a connection between
the complex association of diabetes, coronary heart
disease, and periodontal disease. The inflammatory
component provides an important linkage of diabetic
metabolic dysregulation, periodontal disease severity,
and development of coronary heart disease. This
model depicts interactions between chronic oral
and systemic infectious/inflammatory processes. A
clearer understanding of these interactions should
lead to the development of better primary prevention
strategies to reduce possible comorbidities that have
been identified with cardiovascular events and perio-
dontitis, and provide better glycemic control in
individuals with diabetes.

Effects of hyperglycemia

Metabolic dysregulation in diabetes as a result of
prolonged exposure to chronic levels of glucose can
lead to the glycosylation of long-lived proteins and
lipids found in the blood and in the tissues. These
glycosylation products, referred to as advanced gly-
cosylation endproducts (AGEs), have been implicated
as a primary causal factor in the development of
complications associated with diabetes and cardio-
vascular disease in individuals with diabetes
(17, 116). AGEs were identified in 1912 by Louis
Mallard, who reported that this reaction of reducing
sugars with amino acids led to development of a
yellow-brown color and the formation of CO,
(27, 66). Decades later, scientists have hypothesized
that nonenzymatic glycosylation of proteins and
lipids may explain many of the sequelae of diabetes,
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such as vascular lesions, neuropathy, and impaired
immunologic function, and that circulating levels of
certain AGEs are also useful in monitoring glycemic
control. The chronic hyperglycemia state promotes
glycosylation of hemoglobin to form the A, product.
The measure of glycosylated hemoglobin A;. has
been a reliable measure of glycemic control at 3-
month intervals. However, compared to tissue matrix
AGEs with slower turnover rates, the half-life of
glycosylated hemoglobin A, is relatively short. AGEs
are a heterogeneous class of structures irreversible in
nature, which are characterized by their yellow-
brown color, fluoresce, have a propensity to form
cross-links, and interact with cellular receptors (18,
20). During normal states of metabolism, early
reversible intermediates of AGEs, called Amadori
products, are formed; with time and/or abnormal
glucose metabolism, these products become irre-
versible (98). Subsequently, there is an increase in
AGE deposition in matrix tissues as well as an in-
crease in the number of receptors for AGEs on these
tissues and on target cells (27, 107). Receptors for
AGEs (RAGEs) have also been identified and charac-
terized in the literature (15, 137). RAGE is a multi-
ligand receptor that propagates cellular dysfunction
in several inflammatory disorders, in tumors, and in
diabetes. RAGE is expressed at low levels in normal
tissues, but becomes up-regulated at sites where its
ligands accumulate. RAGE may play a dual role in the
inflammatory response:
e interaction of RAGE on leukocytes or endothelial
cells with its ligands results in cellular activation
involving the transcription factor nuclear factor «B;
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adrenocorticotropin.

¢ RAGE on endothelial cells may also function as
an adhesive receptor that directly interacts with
leukocyte P2-integrins, and are thereby directly
involved in inflammatory cell recruitment (22).
Data available on AGEs and diabetic complications
suggests three general mechanisms of action: alter-
ation of signal transduction pathways involving lig-
ands on extracellular matrix, alteration of the levels of
cytokines, hormones, and free radicals through
interaction with RAGEs, and intracellular glycation of
proteins and nucleic acids that directly alters protein
function (160). The binding of AGEs to monocyte
receptors has been shown by investigators to induce
production of IL-1, insulin-like growth factor-1,
tumor necrosis factor-o, and platelet-derived growth
factor (30, 138). It has been documented that the
interaction of AGEs with their receptors has a
potentially important role in altering cellular function
via binding to cultured endothelial cells and mono-
nuclear phagocytes (87, 124, 161). Thus, the binding
of AGEs to macrophages and other cell types contri-
butes greatly to increased cytokine production, which
can lead to vascular damage such as atherosclerosis
or coronary heart disease, and a more severe and
progressive form of periodontal disease (77).
Although the accumulation of AGEs and monocyte
hypersecretion provide a plausible explanation for
enhanced periodontitis severity in this high risk
group, several alternative hypotheses have been
proposed involving other mechanisms that could
explain the periodontal disease susceptibility in
patients with diabetes. These include abnormality in
neutrophil chemotaxis, chronic bacterial infection
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with lipopolysaccharide up-regulation of monocytes,
abnormalities of T-cell activation via the Thl
response, and genetic alteration of the HLA-DR
region (3, 7, 24, 32, 109). The role of these mecha-
nisms is still not well delineated and may be partic-
ularly involved in the exacerbation of periodontal
disease in the patient with diabetes. Some of these
alternate mechanisms may also induce a monocytic
hyper-responsiveness. However, the chronic hyper-
glycemic state (AGEs), systemic exposure to inflam-
matory molecules as a result of oral infection, and the
cumulative role of these factors are the most plaus-
ible mechanism linking the presence of chronic
periodontal infection with diabetic coronary heart
disease and glycemic control. SI00A12, also called
EN-RAGE (extracellular newly identified receptor for
AGE-binding protein) or calcium-binding protein in
amniotic fluid-1, is also a ligand for RAGE (95). It has
been shown that S100A12 induces adhesion mole-
cules such as vascular cell adhesion molecule-1 and
intercellular adhesion molecule-1 in the vascular
endothelial cell and mediates migration and activa-
tion of monocytes/macrophages through RAGE
binding. Furthermore, infusion of lipopolysaccharide
into mice causes time-dependent increase of
S100A12 in the plasma (55, 72). Results from that
study suggest that plasma S100A12 protein levels are
regulated by factors related to subclinical inflamma-
tion and glucose control in patients with type 2 dia-
betes.

Recent studies have also identified potential ther-
apies that may be effective in lowering RAGE
expression in human endothelial cells, thus reducing
cardiovascular complications associated with diabe-
tes. Marx and colleagues (90) demonstrated that thi-
azolidinediones, antidiabetic agents used clinically to
treat patients with Type 2 diabetes, can modulate
endothelial RAGE expression, limiting the cells’ sus-
ceptibility to the proinflammatory effects of AGEs.
These data provide new information on therapies
that may be beneficial against complications associ-
ated with diabetes such as coronary heart disease and
potential periodontal disease in the patient with
diabetes. In addition, the metabolic effects of these
drugs could modulate the development of vascular
dysfunction in diabetic patients (90). Other therapies
under investigation include cross-link breakers, or
AGE breakers, that react with and cleave the covalent
AGE-derived protein cross-links. A study by Wolf-
fenbuttel et al. (166) showed that treatment of rats
with streptozotocin-induced diabetes with the AGE-
breaker ALT-711 for 1-3 weeks reversed the diabetes-
induced increase of large artery stiffness as measured

by systemic arterial compliance, aortic impedance,
and carotid artery compliance and distensibility. The
effects of ALT and aminoguanidine have also been
studied in a rat model of periodontitis; the results
showed a reduction of the inflammatory parameters
measured and demonstrated a protective effect
against tissue damage associated with periodontitis
(29). Future therapies such as ALT and aminoguani-
dine may prove useful in reducing complications
such as coronary heart disease and periodontitis that
are associated with diabetes.

Diabetes and periodontal disease

Historically, diabetic patients have been shown to be
at increased risk for infections (73, 79, 86). Past and
present studies have reported periodontal disease to
be one of the most prevalent complications of dia-
betes (52, 61, 88, 94). The classic presentation of
periodontal progression has been associated with
accumulation of plaque and calculus on the tooth
surfaces and potent virulence factors produced by
bacteria, causing destruction of periodontal tissues
and resorption of alveolar bone (83, 146). Studies
demonstrating the relationship between diabetes and
the association of microbial organisms for the pre-
valence and severity of periodontal disease have
shown that the flora associated with diabetes does
not appear to differ from non diabetic flora (68, 172).
Comprehensive evaluation of the literature indicates
that diabetes carries a two to three times higher risk
for both severe periodontitis and the incidence of
periodontal disease progression (152).

Over the past decade, research targeting perio-
dontal diseases has focused on the host immune
response that is triggered by bacteria found in perio-
dontal lesions (69, 143). Components of bacteria,
such as lipopolysaccharide found in their cell mem-
branes, have been shown to be potent stimulators of
cellular secretion of a variety of cytokines and growth
factors via Toll-like receptor-mediated response
(44, 135) Lipopolysaccharide binds to the Toll-like
receptor 4 (113, 119). Downstream signaling from this
interaction involves MyD88, IL-1 receptor associated
kinase, and tumor necrosis factor receptor associated
factor 6, which activates the IxB kinase complex (103,
163). The activation of the Toll-like receptor by bac-
terial products leads to the production of innate
inflammatory cytokine responses, ultimately contri-
buting to tissue damage and destruction.

In addition to virulence factors that activate the
Toll-like receptor, inflammatory mediators of the

133



Southerland et al.

immune response appear to play an important role in
the local tissue destruction observed in periodontal
disease (151). Cytokines most often associated with
tissue destruction following stimulation of macro-
phages include IL-1f, IL-6, tumor necrosis factor-o,
and the lipid mediator prostaglandin E,. These
mediators are very potent in inducing major altera-
tions in the connective or extracellular matrix tissues.
Thus, the enhanced secretion of these mediators of
destruction, as seen in peripheral blood monocytes
isolated from diabetics, may provide one possible
mechanism for increased periodontal tissue
destruction seen in these patients. In diabetics, an
abnormal inflammatory response to lipopolysaccha-
ride challenge has been shown to preset monocytes,
resulting in an exaggerated secretion of inflammatory
lipid mediators such as prostaglandin E, and the
cytokines IL-1B and tumor necrosis factor-o (133,
134, 143). The monocytic hyper-responsive pheno-
type has also been reported to occur in patients with
refractory, early onset, and diabetes-associated perio-
dontal disease and may have a genetic component
(132). The severity of periodontal disease experience
in diabetics might also reflect an alteration in con-
nective tissue metabolism and subsequent impair-
ment of wound healing (35). The diagram in Fig. 2
illustrates a possible linkage between diabetes and

periodontal disease severity. Thus, local periodontal
tissue destruction may be a consequence of an exag-
gerated monocytic inflammatory response induced
by AGE accumulation and may result in increased
secretion of local and systemic mediators, leading to
severe periodontitis.

Potential mechanisms associated
with diabetic periodontal disease
progression

Nuclear factor «B is a protein transcription factor that
is known to initiate the transcription of a variety of
genes such as cytokines, growth factors, adhesion
molecules, and immunoregulatory and acute phase
proteins (13, 47). In addition, nuclear factor kB is
required for maximal transcription of tumor necrosis
factor-o, IL-1, IL-6, and IL-8 genes, which are thought
to be important in mediating acute inflammatory
responses (1, 10, 74). Transcriptional regulation is
important for cytokine production, and transcrip-
tional factors play an important role in regulating
cytokine-mediated inflammation. Nuclear factor xB
is also regulated by a number of reactive oxygen
species. The activation of nuclear factor «B by
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Fig. 2. Possible linkage between
diabetes and periodontal disease
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quence of an exaggerated monocytic
inflammatory response induced by
AGE accumulation and result in
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hydrogen peroxide is cell-specific and distinct from
cytokine activators such as IL-1 and tumor necrosis
factor and is cell- and stimulus-specific, involving
diverse and unexpected targets that may be distinct
from redox modulation (14).

Interestingly, cell surface ligation of RAGE, the
immunoglobulin superfamily cell surface receptor for
AGE, modulates gene expression centrally by trig-
gering a signal transduction cascade that converges
on a nuclear factor kB and involves multiple signaling
pathways, including p21™*%, ERK 1/2 kinases [P44-
P42, P38 and Sin3-associated protein—c-Jun N-ter-
minal (SAP-JNK) kinases], and CDC42-RAC (63, 150,
169). Subsequent to this signaling, a series of phos-
phorylation events takes place. Nuclear factor
kB-associated inhibitory molecules, IkB, retain nuc-
lear factor kB in the cytoplasm (167). Upon phos-
phorylation and ubiquitination of these proteins,
they become degraded by the 26s proteosome, which
enables translocation of nuclear factor kB to the
nucleus. Nuclear factor kB activity is mediated by a
family of transcription factor subunits that bind DNA
as homo- or heterodimers (31). Specific nuclear fac-
tor kB complexes in the monocyte have been iden-
tified as p50/p65 (56). In general, the subunits are
identified as p50 / nuclear factor kB1, p65 / Rel, c-Rel,
Rel B, and p52 / nuclear factor kB2. Although various
combinations of these subunits exist within the cell,
classic nuclear factor xB is characterized by the
p50 / p65 subunits. The p50 and p52 units are derived
from precursor molecules, the pl05 and pl00,
respectively (12, 131). There are multiple proteins
associated with this group that include IkBo, B, €
(IxBa weak association with p50 and does not stop
nuclear translocation), IkBy/pl05 (serves as an
inhibitor of Rel A), IxB3/ p100, and Bcl-3 (92). These
inhibitors contain ankyrin repeat domains that mask
nuclear factor B nuclear localization sequences (13).
A variety of stimuli have been shown to activate
nuclear factor kB. These include lipopolysaccharide,
tumor necrosis factor-o, IL-1f, mitogens, viral pro-
teins, ionizing radiation, UV light, some chemical
agents, and AGE (139). Once stimulated, phosphory-
lation, ubiquitination, and degradation of the inhib-
itory units follow, allowing the nuclear localization
signal to be recognized and nuclear factor kB to be
translocated to the nucleus (154).

Of the stimuli that activate gene transcription by
nuclear factor kB, the presence of lipopolysaccharide
and AGE may be very important in mediating severe
periodontal destruction and systemic disease pro-
gression in diabetics. In the case of the Cox-2 gene
(the rate-limiting enzyme for prostaglandin E,),

activated nuclear factor B is able to bind to one or
both of the consensus sequences located within the
Cox-2 promoter region and initiate mRNA tran-
scription (25). This results in transcriptional up-
regulation of the Cox-2 enzyme with subsequent
arachidonic acid processing and increased prosta-
glandin E, levels. Elevation of prostaglandin E, levels
in gingival crevicular fluids has been shown to be
associated with periodontal disease progression and
severity in diabetes patients (6, 132, 134). Unpub-
lished studies from our group show that combined
AGE and Porphyromonas gingivalis lipopolysaccha-
ride stimulation of THP-1 cells results in up-regula-
tion of nuclear factor kB and Cox-2 promoter activity
over time compared to either treatment alone. In
addition, we were able to demonstrate sustained IkBf3
degradation and increased IKK activity compared to
either treatment alone in this model. The role of
nuclear factor «B in the promotion of inflammation
in the diabetic patient with coronary heart disease
and periodontal disease is far from being well
understood but this review provides a framework for
understanding the mechanism by which chronic
hyperglycemia and periodontal infection may
enhance inflammatory mediator expression via nuc-
lear factor kB and facilitate oral and systemic disease
progression in the diabetic patient.

Diabetes, oxidative stress, and
coronary heart disease

Micro- and macrovascular diseases of the cardio-
vascular system present major complications in dia-
betics. An increased frequency of hyperglycemia and
dyslipidemia in this population is thought to be a
major contributor to vascular alteration and athero-
genesis (48, 142). Atherosclerosis is responsible for
about 75% of the deaths in diabetic patients (85),
compared to 55% of all US deaths (122). The accel-
erated morbidity associated with coronary heart dis-
ease in diabetes has been well documented in the
literature (53, 110, 162). Seventy percent of individ-
uals with Type 2 diabetes die from premature
cardiovascular disease (101). Even with this demon-
strated association of diabetes and coronary heart
disease, there is still much speculation about the
mechanism of the atherogenic process in this group.
Past investigations have implicated the advanced
glycosylation process and the resultant production of
oxidative stress in tissues as important mechanisms
of coronary heart disease progression in diabetics
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(8, 136, 139). Glycosylation of long-lived proteins
occurs normally with age; however, the hyperglyce-
mic state accelerates the process, which leads to
alteration of tissue and cell function, particularly in
diabetics. In addition to proteins, lipid moieties are
also glycosylated and oxidized (27, 104, 112).

The metabolic syndrome has emerged as an
important cluster of risk factors for atherosclerotic
disease. Common features are central (abdominal)
obesity, insulin resistance, hypertension, and dyslip-
idemia, namely high triglycerides and low high-den-
sity lipoprotein cholesterol. It has been estimated
that one out of four adults living in the United States
merits the diagnosis (according to the clinical criteria
developed by ATP III). The presence of the metabolic
syndrome is highly prognostic of future cardiovas-
cular events. Esposito & Giugliano (34) suggest that
this process may involve a number of factors such as
chronic inflammation, insulin resistance, and adi-
pose tissue. Chronic inflammation may represent a
triggering factor in the origin of the metabolic
syndrome: stimuli such as overnutrition, physical
inactivity, and aging would result in cytokine
hypersecretion and eventually lead to insulin
resistance and diabetes in genetically or metaboli-
cally predisposed individuals. Alternatively, resis-
tance to the anti-inflammatory actions of insulin
would cause enhanced circulating levels of proin-
flammatory cytokines, resulting in persistent low-
grade inflammation. A generally enhanced adipose
tissue-derived cytokine expression may be another
plausible mechanism for the inflammation/ meta-
bolic syndrome relationship. The role of adipose tis-
sue as an endocrine organ capable of secreting a
number of adipose tissue-specific or enriched hor-
mones, known as adipokines, is being increasingly
appreciated. Although the precise role of adipokines
in the metabolic syndrome is still being debated, an
imbalance between increased inflammatory stimuli
and decreased anti-inflammatory mechanisms may
be an intriguing working hypothesis. The proinflam-
matory state that accompanies the metabolic syn-
drome is associated with both insulin resistance and
endothelial dysfunction, providing a connection
between inflammation and metabolic processes that
is highly deleterious for vascular functions (34).
Individuals with the metabolic syndrome are at risk
of developing type 2 diabetes and coronary heart
disease. Of the components of the metabolic syn-
drome, obesity and abnormal carbohydrate metabo-
lism are the most significant predictors of the
development of diabetes (149). Dyslipidemia invol-
ving hypertriglyceridemia and low levels of
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high-density lipoproteins is a common finding in
diabetics that is thought to be predictive of cardio-
vascular mortality (75, 126). Lipoproteins (low-den-
sity, high-density lipoproteins and very-low-density),
particularly low-density lipoproteins, are thought to
be intimately associated with the development of
atherosclerosis (46, 65, 71). However, oxidized forms
of these lipids are believed to be the most pathogenic
forms. Oxidative stresses including products of
oxidized arachidonic acid (prostaglandin E, and
malonyldialdehyde) are potent catalytic inducers of

oxidized low-density lipoprotein formation (57, 140).

Infection and poor oxygen perfusion represent two

potential causes of oxidative stress (80, 158, 170). The

peroxidation process involving lipoproteins is
thought to contribute to atheroma formation by the
following interactions:

e impairment of the low-density lipoprotein receptor
recognition of modified low-density lipoprotein,
and cholesterol transport by high-density lipopro-
teins;

e stimulation of platelet aggregation, and foam cell
formation;

¢ the formation of immune complexes and reactive
oxygen species (21, 157).

The cumulative effects of these mechanisms may
subsequently contribute to vascular wall injury and
atherogenesis.

In conjunction with the role of low-density lipo-
proteins in lesion formation, glycosylation and oxi-
dation of low-density lipoproteins (ox-LDL) have
been shown to alter gene expression for several
cytokines and growth hormones in vitro (23). The
unsaturated fatty acid core of lipoproteins has been
shown to be particularly susceptible to oxidative
damage (65, 85). The ox-LDL molecule is cytotoxic to
cells in culture and is a potent stimulator of
macrophage foam cell formation (64, 100, 140). Along
with direct cell injury, glycated and oxidized lipo-
proteins may have a role in altering tissue and cell
function, in particular ‘monocytic priming’. Lopes-
Virella et al. demonstrated that the uptake of
low-density lipoprotein-immune complexes by
macrophages leads to activation and release of pro-
inflammatory cytokines, which have been implicated
in tissue destruction, especially vascular and poten-
tially periodontal disease (82, 159). The release of
these monocyte-derived macrophage mediators is
not only associated with periodontitis but may
also be involved in the early and later stages of
atheroma formation. Transformed monocytes in
advanced atherosclerotic lesions have also been
shown to secrete other mediators such as interferon,
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fibroblast growth factor, platelet-derived growth fac-
tor (30, 105), prostaglandin E, (40), proteases (102),
and collagenases (111, 129). Other studies have
shown that glucose-oxidized low-density lipoproteins
resulted in phosphorylation of extracellular signal-
regulated kinase and protein kinase B/ Akt and sti-
mulated proliferation of isolated macrophages (78).
This effect was mediated by CD36 and induced by
protein kinase C-dependent and phosphatidylinositol
3-kinase-dependent pathways in the study. Thus,
hyperglycemia is not sufficient to stimulate macr-
ophage proliferation in lesions of atherosclerosis or in
isolated macrophages. A combination of hypergly-
cemia and hyperlipidemia stimulates macrophage
proliferation by a pathway that may involve the
glucose-dependent oxidation of low-density lipopro-
teins (75, 78, 127). As mentioned in the discussion
of periodontal disease severity and progression in
diabetics, AGEs once formed can bind to monocytic
receptors (RAGEs) and alter the cell phenotype. The
primed monocyte upon stimulation during an infec-
tious challenge (i.e. by lipopolysaccharide) may pro-
duce excessive amounts of cytokines or inflammatory
products. In addition to AGEs, markers of coronary
heart disease such as unsaturated fatty acids and
modified lipoproteins are capable of inducing a
similar increase in monocytic secretion of cytokines
(11, 49, 123, 144). The effects of these metabolic
hormones are not only observed locally in the oral
cavity but also systemically and may significantly
contribute to a more progressive periodontal infec-
tion, and increased morbidity and mortality associ-
ated with coronary heart disease in the individual
with diabetes.

Diabetes, periodontitis, and
coronary heart disease

Periodontal infection is involved in the local
destruction of underlying bone and connective tissues
and, as the disease progresses, loss of the integrity of
the periodontal attachment, which can result in
transient bacteremias. The systemic challenge of
bacterial toxin derived from periodontal lesions rep-
resents an important link between periodontitis, the
monocytic inflammatory response, and metabolic
dysregulation in certain disease states. Studies have
implicated bacteria in the occurrence and progression
of coronary heart disease as well (11, 33, 91). Cyto-
kines common to the pathology of periodontitis, such
as tumor necrosis factor-o and IL-6, have been shown
to have important effects on glucose and lipid

metabolism, especially following an infectious chal-
lenge or trauma (36, 37). Tumor necrosis factor-a, a
proinflammatory cytokine, is well known for its sys-
temic effects on lipid metabolism during a condition
known as cachexia (96). It has been shown to interfere
with lipid metabolism by increasing serum triglycer-
ide levels primarily by stimulating hepatic lipid
secretion (39). In addition to these other functions,
tumor necrosis factor-o is important for signaling the
release of another metabolic hormone, IL-6. Unlike
tumor necrosis factor-o, IL-6 is thought to have
mostly an inhibitory action in the presence of
inflammation (89). However, IL-6 is considered a
pleiotropic mediator and is involved in the regulation
of hematopoiesis and the acute phase response (155).
Because IL-6 and tumor necrosis factor-o. may share a
role in promoting the hyperglycemic state during an
inflammatory response, it is important to account for
the systemic as well as local effects of these mediators
and their effect on periodontal and diabetic status.
The majority of clinical and epidemiologic evidence
suggests that individuals with Type 1 and Type 2
diabetes tend to have a higher prevalence of both
vascular disease (43, 84, 128, 147) and more severe
and rapidly progressive periodontal disease than
people without diabetes (152, 156). The relationship
between diabetes and coronary heart disease (2, 108,
122) and diabetes and periodontal disease is well
described in the literature (42, 51, 60, 81, 99, 156, 168).
Periodontal infection is also thought to have a role in
cardiovascular and atherosclerotic disease progres-
sion (120) and periodontal pathogens have been
identified in atherosclerotic plaques (19, 93, 121).
There are components of periodontitis and coronary
heart disease that are similar in terms of patho-
physiology. For example, they both are multifactorial
and have been associated with infectious agents and
have a characteristic inflammatory component. The
similarities in disease presentation and supporting
evidence from epidemiologic studies suggest a poss-
ible adverse interaction between coronary heart dis-
ease and periodontal disease. The combined effect of
chronic periodontitis and diabetes could potentially
constitute an even greater risk for developing sub-
clinical coronary artery disease than would be pre-
dicted by either diabetes or periodontal disease alone.

Although diabetes is well established as a major
risk factor for periodontal disease and cardiovascular
disease, the cellular and molecular basis for this
association is not clear. It is important to determine
whether the combined effect of AGEs and bacterial
endotoxins exacerbates diabetic oral and systemic
disease through inflammatory responses to a number
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Diabetes

Periodontitis

LPS

Lipids INFLAMMATION

Oxidative Stress
RAGE/AGE
Cytokines

NF-xB

Microbes

Fig. 3. Key components that need to
be closely examined, placing
inflammation at the core of these
processes, if we are to make any
progress in continuing to unravel
the very complex relationship
between diabetes, coronary heart
disease, and periodontitis. AGE,
advanced glycosylation endpro-
ducts; RAGE, receptors for AGEs;
LPS, lipopolysaccharide.

of pathogenic stimuli. A bacterial infectious challenge
can induce a metabolic diabetic state that is generally
considered reversible. However, it is not known what
metabolic changes occur when this process is not
acute, but chronic and asymptomatic in nature, and
occurs in an already compromised system, such as
that observed in the individual with diabetes. Future
studies should examine the following:

e the impact of periodontal infection on glycemic
control;

e the role of periodontal disease and diabetes in
development and progression of coronary heart
disease;

¢ the molecular mechanisms that may be involved in
the interaction between AGE- and lipopolysaccha-
ride-induced hyper-inflammatory responses.

To better understand the relationship between
these chronic disease processes (diabetes, coronary
heart disease, and periodontitis) it is important to
delineate the interactions between and among all
three processes. Additional studies are needed both
on an epidemiologic and on a molecular level. Fig. 3
provides an illustration of key components that need
to be closely examined, placing inflammation at the
core of these processes, if we are to make any pro-
gress in continuing to unravel the very complex
relationship of diabetes, coronary heart disease, and
periodontitis.

References

1. Aggarwal BB, Takada Y, Shishodia S, Gutierrez AM,
Oommen OV, Ichikawa H, Baba Y, Kumar A. Nuclear

138

transcription factor NF-kappa B: role in biology and
medicine. Indian J Exp Biol 2004: 42: 341-353.

2. Alexander CM, Landsman PB, Teutsch SM. Diabetes
mellitus, impaired fasting glucose, atherosclerotic risk
factors, and prevalence of coronary heart disease. Am J
Cardiol 2000: 86: 897-902.

3. Alexiewicz JM, Kumar D, Smogorzewski M, Klin M, Massry
SG. Polymorphonuclear leukocytes in non-insulin-
dependent diabetes mellitus: abnormalities in metabolism
and function. Ann Intern Med, 1995: 123: 919-924.

4. American Diabetes Association. Direct and indirect costs
of diabetes in the United States [WWW document]. http://
www.diabetes.org/diabetes-statistics/cost-of-diabetes-
in-us.jsp.

5. Andresen JL, Rasmussen LM, Ledet T. Diabetic macroan-
giopathy and atherosclerosis. Diabetes 1996: 45 (Suppl. 3):
S91-S94.

6. Araya AV, Pavez V, Perez C, Gonzalez F, Columbo A,
Aguirre A, Schiattino I, Aguillon JC. Ex vivo lipopolysac-
charide (LPS)-induced TNF-alpha, IL-1beta, IL-6 and
PGE2 secretion in whole blood from Type 1 diabetes
mellitus patients with or without aggressive periodontitis.
Eur Cytokine Netw 2003: 14: 128-133.

7. Arif S, Tree TI, Astill TP, Tremble JM, Bishop AJ, Dayan CM,
Roep BO, Peakman M. Autoreactive T cell responses show
proinflammatory polarization in diabetes but a regulatory
phenotype in health. J Clin Invest 2004: 113: 451-463.

8. Basta G, Schmidt AM, De Caterina R. Advanced glycation
end products and vascular inflammation: implications for
accelerated atherosclerosis in diabetes. Cardiovasc Res
2004: 63: 582-592.

9. Baumann H, Jahreis GP, Morella KK. Interaction of cyto-
kine- and glucocorticoid-response elements of acute-
phase plasma protein genes. Importance of glucocorticoid
receptor level and cell type for regulation of the elements
from rat alpha 1-acid glycoprotein and beta-fibrinogen
genes. J Biol Chem 1990: 265: 22275-22281.

10. Beauparlant P, Hiscott J. Biological and biochemical
inhibitors of the NF-kappa B/ Rel proteins and cytokine
synthesis. Cytokine Growth Factor Rev 1996: 7: 175-190.



Periodontitis, diabetes, and coronary artery disease

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Beck JD, Slade G, Offenbacher S. Oral disease, cardiovas-
cular disease and systemic inflammation. Periodontol
2000 2000: 23: 110-120.

Beinke S, Ley SC. Functions of NF-kappaBl and NF-
kappaB2 in immune cell biology. Biochem ] 2004: 382:
393-409.

Blackwell TS, Christman JW. The role of nuclear factor-
kappa B in cytokine gene regulation. Am J Respir Cell Mol
Biol 1997: 17: 3-9.

Bowie A, O’Neill LA. Oxidative stress and nuclear factor-
kappaB activation: a reassessment of the evidence in the
light of recent discoveries. Biochem Pharmacol 2000: 59:
13-23.

Brett J, Schmidt AM, Yan SD, Zou YS, Weidman E, Pinsky
D, Nowygrod R, Neeper M, Przysiecki C, Shaw A, et al.
Survey of the distribution of a newly characterized
receptor for advanced glycation end products in tissues.
Am J Pathol 1993: 143: 1699-1712.

Broussard SR, McCusker RH, Novakofski JE, Strle K, Shen
WH, Johnson RW, Dantzer R, Kelley KW. IL-1beta impairs
insulin-like growth factor i-induced differentiation and
downstream activation signals of the insulin-like growth
factor i receptor in myoblasts. J Immunol 2004: 172: 7713-
7720.

Brownlee M. Lilly Lecture 1993. Glycation and diabetic
complications. Diabetes 1994: 43: 836-841.

Brownlee M. The pathological implications of protein
glycation. Clin Invest Med 1995: 18: 275-281.

Cairo F, Gaeta C, Dorigo W, Oggioni MR, Pratesi C, Pini
Prato GP, Pozzi G. Periodontal pathogens in atheromatous
plaques. A controlled clinical and laboratory trial. J Perio-
dontal Res 2004: 39: 442-446.

Cerami A, Vlassara H, Brownlee M. Role of advanced
glycosylation products in complications of diabetes. Dia-
betes Care 1988: 11 (Suppl. 1): 73-79.

Charonis AS, Reger LA, Dege JE, Kouzi-Koliakos K, Furcht
LT, Wohlhueter RM, Tsilibary EC. Laminin alterations
after in vitro nonenzymatic glycosylation. Diabetes 1990:
39: 807-814.

Chavakis T, Bierhaus A, Nawroth PP. RAGE (receptor for
advanced glycation end products): a central player in the
inflammatory response. Microbes Infect 2004: 6: 1219-
1225.

Chisolm GM, Irwin KC, Penn MS. Lipoprotein oxidation
and lipoprotein-induced cell injury in diabetes. Diabetes
1992: 41 (Suppl. 2): 61-66.

Collison KS, Parhar RS, Saleh SS, Meyer BF, Kwaasi AA,
Hammami MM, Schmidt AM, Stern DM, Al-Mohanna FA.
RAGE-mediated neutrophil dysfunction is evoked by ad-
vanced glycation end products (AGEs). J Leukoc Biol 2002:
71: 433-444.

Crofford LJ. COX-1 and COX-2 tissue expression: implica-
tions and predictions. J Rheumatol Suppl 1997: 49: 15-19.
de Alvaro C, Teruel T, Hernandez R, Lorenzo M. Tumor
necrosis factor alpha produces insulin resistance in skel-
etal muscle by activation of inhibitor kappaB kinase in a
p38 MAPK-dependent manner. / Biol Chem 2004: 279:
17070-17078.

DeGroot J. The AGE of the matrix: chemistry, consequence
and cure. Curr Opin Pharmacol 2004: 4: 301-305.
Dinarello CA, Mier JW. Interleukins. Annu Rev Med 1986:
37: 173-178.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Di Paola R, Marzocco S, Mazzon E, Dattola F, Rotondo F,
Britti D, De Majo M, Genovese T, Cuzzocrea S. Effect of
aminoguanidine in ligature-induced periodontitis in rats.
J Dent Res 2004: 83: 343-348.

Doi T, Vlassara H, Kirstein M, Yamada Y, Striker GE, Striker
LJ. Receptor-specific increase in extracellular matrix pro-
duction in mouse mesangial cells by advanced glycosyla-
tion end products is mediated via platelet-derived growth
factor. Proc Natl Acad Sci U S A 1992: 89: 2873-2877.
Donald R, Ballard DW, Hawiger J. Proteolytic processing of
NF-kappa B/I kappa B in human monocytes. ATP-
dependent induction by pro-inflammatory mediators.
J Biol Chem 1995: 270: 9-12.

Drash AL. What do epidemiologic observations tell us
about the etiology of insulin dependent diabetes mellitus?
Schweiz Med Wochenschr 1990: 120: 39-45.

Ellis RW. Infection and coronary heart disease. ] Med
Microbiol 1997: 46: 535-539.

Esposito K, Giugliano D. The metabolic syndrome and
inflammation: association or causation? Nutr Metab
Cardiovasc Dis 2004: 14: 228-232.

Fahey TJ 3rd, Sadaty A, Jones WG 2nd, Barber A, Smoller B,
Shires GT. Diabetes impairs the late inflammatory
response to wound healing. J Surg Res 1991: 50: 308-313.
Feingold KR, Grunfeld C. Role of cytokines in inducing
hyperlipidemia. Diabetes 1992: 41 (Suppl. 2): 97-101.
Feingold KR, Grunfeld C, Pang M, Doerrler W, Krauss RM.
LDL subclass phenotypes and triglyceride metabolism in
non-insulin-dependent diabetes. Arterioscler Thromb
1992: 12: 1496-1502.

Feingold KR, Soued M, Serio MK, Moser AH, Dinarello CA,
Grunfeld C. Multiple cytokines stimulate hepatic lipid
synthesis in vivo. Endocrinology 1989: 125: 267-274.
Feingold KR, Staprans I, Memon RA, Moser AH, Shigenaga
JK, Doerrler W, Dinarello CA, Grunfeld C. Endotoxin rap-
idly induces changes in lipid metabolism that produce
hypertriglyceridemia: low doses stimulate hepatic trigly-
ceride production while high doses inhibit clearance.
J Lipid Res 1992: 33: 1765-1776.

Ferreri NR, Howland WC, Spiegelberg HL. Release of leu-
kotrienes C4 and B4 and prostaglandin E2 from human
monocytes stimulated with aggregated 1gG, IgA, and IgE.
J Immunol 1986: 136: 4188-4193.

Fibbe WE, Falkenburg JH, Schaafsma MR, Willemze R. The
hematopoietic activities of interleukin-1. Biotherapy 1989:
1: 263-271.

Fiske J. Diabetes mellitus and oral care. Dent Update 2004:
31 (190-196): 198.

Fox CS, Coady S, Sorlie PD, Levy D, Meigs JB, D’Agostino
RB Sr, Wilson PW, Savage PJ. Trends in cardiovascular
complications of diabetes. JAMA 2004: 292: 2495-2499.
Gamonal J, Acevedo A, Bascones A, Jorge O, Silva A. Levels
of interleukin-1 beta-8, and -10 and RANTES in gingival
crevicular fluid and cell populations in adult periodontitis
patients and the effect of periodontal treatment. J Perio-
dontol 2000: 71: 1535-1545.

Garcia-Welsh A, Schneiderman JS, Baly DL. Interleukin-1
stimulates glucose transport in rat adipose cells. Evidence
for receptor discrimination between IL-1 beta and IL-1
alpha. FEBS Lett 1990: 269: 421-424.

Garvey WT, Kwon S, Zheng D, Shaughnessy S, Wallace P,
Hutto A, Pugh K, Jenkins AJ, Klein RL, Liao Y. Effects of

139



Southerland et al.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

insulin resistance and type 2 diabetes on lipoprotein
subclass particle size and concentration determined by
nuclear magnetic resonance. Diabetes 2003: 52: 453-462.

Ghosh S, May MJ, Kopp EB. NF-kappa B and Rel proteins:
evolutionarily conserved mediators of immune responses.
Annu Rev Immunol 1998: 16: 225-260.

Ginsberg HN, Tuck C. Diabetes and dyslipidemia. Curr
Diab Rep 2001: 1: 93-95.

Griffith RL, Virella GT, Stevenson HC, Lopes-Virella MF.
Low density lipoprotein metabolism by human macr-
ophages activated with low density lipoprotein immune
complexes. A possible mechanism of foam cell formation.
J Exp Med 1988: 168: 1041-1059.

Grunfeld C, Soued M, Adi S, Moser AH, Dinarello CA,
Feingold KR. Evidence for two classes of cytokines that
stimulate hepatic lipogenesis: relationships among tumor
necrosis factor, interleukin-1 and interferon-alpha. Endo-
crinology 1990: 127: 46-54.

Haffner SM. Epidemiology of type 2 diabetes: risk factors.
Diabetes Care 1998: 21 (Suppl. 3): C3-C6.

Hallmon WW, Mealey BL. Implications of diabetes mellitus
and periodontal disease. Diabetes Educ 1992: 18: 310-315.

Hanefeld M, Fischer S, Julius U, Schulze J, Schwanebeck
U, Schmechel H, Ziegelasch HJ, Lindner J. Risk factors for
myocardial infarction and death in newly detected NID-
DM: the Diabetes Intervention Study, 11-year follow-up.
Diabetologia 1996: 39: 1577-1583.

Hardardottir I, Doerrler W, Feingold KR, Grunfeld C.
Cytokines stimulate lipolysis and decrease lipoprotein
lipase activity in cultured fat cells by a prostaglandin
independent mechanism. Biochem Biophys Res Commun
1992: 186: 237-243.

Hasegawa T, Kosaki A, Kimura T, Matsubara H, Mori Y,
Okigaki M, Masaki H, Toyoda N, Inoue-Shibata M, Kimura
Y, Nishikawa M, Iwasaka T. The regulation of EN-RAGE
(S100A12) gene expression in human THP-1 macrophages.
Atherosclerosis 2003: 171: 211-218.

Haskill S, Beg AA, Tompkins SM, Morris JS, Yurochko AD,
Sampson-Johannes A, Mondal K, Ralph P, Baldwin AS Jr.
Characterization of an immediate-early gene induced in
adherent monocytes that encodes I kappa B-like activity.
Cell 1991: 65: 1281-1289.

Heinecke JW. Oxidative stress: new approaches to diag-
nosis and prognosis in atherosclerosis. Am J Cardiol 2003:
91: 12A-16A.

Hobbs CG, Kodikara M, Gray R, Bordin P, Robinson A,
Pacy PJ, Venkatesan S, Halliday D. Lipoproteins in non-
insulin dependent diabetes mellitus (NIDDM). Biochem
Soc Trans 1996: 24: 1538S.

Hogan P, Dall T, Nikolov P. Economic costs of diabetes in
the US in 2003. Diabetes Care 2002: 26: 917-932.

Hove KA, Stallard RE. Diabetes and the periodontal
patient. J Periodontol 1970: 41: 713-718.

Hugoson A, Thorstensson H, Falk H, Kuylenstierna J.
Periodontal conditions in insulin-dependent diabetics.
J Clin Periodontol 1989: 16: 215-223.

Iehara N, Takeoka H, Tsuji H, Yamada Y, Kita T, Doi T.
Advanced glycosylation end products modulate tran-
scriptional regulations on mesangial cells. Contrib Neph-
rol 1996: 118: 141-146.

Ishihara K, Tsutsumi K, Kawane S, Nakajima M, Kasaoka
T. The receptor for advanced glycation end-products

140

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

(RAGE) directly binds to ERK by a p-domain-like docking
site. FEBS Lett 2003: 550: 107-113.

Jang MK, Kim JY, Jeoung NH, Kang MA, Choi MS, Oh GT,
Nam KT, Lee WH, Park YB. Oxidized low-density lipo-
proteins may induce expression of monocyte chemotactic
protein-3 in atherosclerotic plaques. Biochem Biophys Res
Commun 2004: 323: 898-905.

Jenkins AJ, Lyons TJ, Zheng D, Otvos JD, Lackland DT,
McGee D, Garvey WT, Klein RL. Serum lipoproteins in the
diabetes control and complications trial / epidemiology of
diabetes intervention and complications cohort: associa-
tions with gender and glycemia. Diabetes Care 2003: 26:
810-818.

John WG, Lamb EJ. The Maillard or browning reaction in
diabetes. Eye 1993: 7 (Pt 2): 230-237.

Kapp C. World Health Report charts way forward on CV
disease prevention. Lancet Neurol 2002: 1: 461.

Katz PP, Wirthlin MR Jr, Szpunar SM, Selby JV, Sepe SJ,
Showstack JA. Epidemiology and prevention of periodon-
tal disease in individuals with diabetes. Diabetes Care
1991: 14: 375-385.

Kinane DF. Aetiology and pathogenesis of periodontal
disease. Ann R Australas Coll Dent Surg 2000: 15: 42-50.
Kishimoto T, Akira S, Taga T. Interleukin-6 and its recep-
tor: a paradigm for cytokines. Science 1992: 258: 593-597.
Klein RL, Wohltmann HJ, Lopes-Virella MF. Influence of
glycemic control on interaction of very-low- and low-
density lipoproteins isolated from type I diabetic patients
with human monocyte-derived macrophages. Diabetes
1992: 41: 1301-1307.

Kosaki A, Hasegawa T, Kimura T, lida K, Hitomi J,
Matsubara H, Mori Y, Okigaki M, Toyoda N, Masaki H,
Inoue-Shibata M, Nishikawa M, Iwasaka T. Increased
plasma S100A12 (EN-RAGE) levels in patients with type 2
diabetes. J Clin Endocrinol Metab 2004: 89: 5423-5428.
Kottra CJ. Infection in the compromised host — an over-
view. Heart Lung 1983: 12: 10-14.

Krakauer T. Molecular therapeutic targets in inflamma-
tion. cyclooxygenase and NF-kappaB. Curr Drug Targets
Inflamm Allergy 2004: 3: 317-324.

Krentz AJ. Lipoprotein abnormalities and their conse-
quences for patients with type 2 diabetes. Diabetes Obes
Metab 2003: 5 (Suppl. 1): S19-S27.

Laakso M. Hyperglycemia as a risk factor for cardio-
vascular disease in type 2 diabetes. Prim Care 1999: 26:
829-839.

Lalla E, Lamster IB, Drury S, Fu C, Schmidt AM. Hyper-
glycemia, glycoxidation and receptor for advanced gly-
cation endproducts: potential mechanisms underlying
diabetic complications, including diabetes-associated
periodontitis. Periodontol 2000 2000: 23: 50-62.

Lambharzi N, Renard CB, Kramer F, Pennathur S, Heinecke
JW, Chait A, Bornfeldt KE. Hyperlipidemia in concert with
hyperglycemia stimulates the proliferation of macroph-
ages in atherosclerotic lesions: potential role of glucose-
oxidized LDL. Diabetes 2004: 53: 3217-3225.

Larkin JG, Frier BM, Ireland JT. Diabetes mellitus and
infection. Postgrad Med J 1985: 61: 233-237.

Liu Y, Gutterman DD. The coronary circulation in dia-
betes: influence of reactive oxygen species on K* chan-
nel-mediated vasodilation. Vascul Pharmacol 2002: 38:
43-49.



Periodontitis, diabetes, and coronary artery disease

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Loe H. Periodontal disease as we approach the year 2000.
J Periodontol 1994: 65: 464-467.

Lopes-Virella MF, Virella G. Immune mechanisms of
atherosclerosis in diabetes mellitus. Diabetes 1992: 41
(Suppl. 2): 86-91.

Lovegrove JM. Dental plaque revisited: bacteria associated
with periodontal disease. ] N Z Soc Periodontol 2004: 87:
7-21.

Lundberg V, Stegmayr B, Asplund K, Eliasson M, Huht-
asaari F. Diabetes as a risk factor for myocardial infarction:
population and gender perspectives. J Intern Med 1997:
241: 485-492.

Lyons TJ. Lipoprotein glycation and its metabolic conse-
quences. Diabetes 1992: 41 (Suppl. 2): 67-73.

Malavige GN. Does leptin resistance contribute to infec-
tions in patients with diabetes? Mol Pathol 2003: 56: 248.
Mamputu JC, Renier G. Advanced glycation end-products
increase monocyte adhesion to retinal endothelial cells
through vascular endothelial growth factor-induced
ICAM-1 expression. inhibitory effect of antioxidants.
J Leukoc Biol 2004: 75: 1062-1069.

Mandell RL, Dirienzo J, Kent R, Joshipura K, Haber J.
Microbiology of healthy and diseased periodontal sites in
poorly controlled insulin dependent diabetics. J Period-
ontol 1992: 63: 274-279.

Marinkovic S, Jahreis GP, Wong GG, Baumann H. IL-6
modulates the synthesis of a specific set of acute phase
plasma proteins in vivo. J] Immunol 1989: 142: 808-812.
Marx N, Walcher D, Ivanova N, Rautzenberg K, Jung A,
Friedl R, Hombach V, de Caterina R, Basta G, Wautier MP,
Wautiers JL. Thiazolidinediones reduce endothelial
expression of receptors for advanced glycation end prod-
ucts. Diabetes 2004: 53: 2662-2668.

Mattila KJ. Viral and bacterial infections in patients with
acute myocardial infarction. J Intern Med 1989: 225: 293—
296.

May M]J, Ghosh S. Rel/NF-kappa B and I kappa B pro-
teins: an overview. Semin Cancer Biol 1997: 8: 63-73.
Michalek SM, Katz J, Childers NK, Martin M, Ballovetz DF.
Microbial / host interactions: mechanisms involved in
host responses to microbial antigens. Immunol Res 2002:
26: 223-234.

Miller LS, Manwell MA, Newbold D, Reding ME, Rasheed
A, Blodgett J, Kornman KS. The relationship between
reduction in periodontal inflammation and diabetes con-
trol: a report of 9 cases. J Periodontol 1992: 63: 843-848.
Miranda LP, Tao T, Jones A, Chernushevich I, Standing
KG, Geczy CL, Alewood PF. Total chemical synthesis and
chemotactic activity of human S100A12 (EN-RAGE). FEBS
Lett 2001: 488: 85-90.

Miyazaki Y, Pipek R, Mandarino L], DeFronzo RA. Tumor
necrosis factor alpha and insulin resistance in obese type 2
diabetic patients. Int J Obes Relat Metab Disord 2003: 27:
88-94.

Molvig J, Baek L, Christensen P, Manogue KR, Vlassara H,
Platz P, Nielsen LS, Svejgaard A, Nerup J. Endotoxin-sti-
mulated human monocyte secretion of interleukin 1,
tumour necrosis factor alpha, and prostaglandin E2 shows
stable interindividual differences. Scand J Immunol 1988:
27: 705-716.

Monnier VM, Glomb M, Elgawish A, Sell DR. The
mechanism of collagen cross-linking in diabetes: a

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

puzzle nearing resolution. Diabetes 1996: 45 (Suppl. 3):
S67-S72.

Moore PA, Weyant R], Mongelluzzo MB, Myers DE, Rossie
K, Guggenheimer J, Block HM, Huber H, Orchard T. Type
1 diabetes mellitus and oral health: assessment of perio-
dontal disease. J Periodontol 1999: 70: 409-417.

Morel DW, Hessler JR, Chisolm GM. Low density lipo-
protein cytotoxicity induced by free radical peroxidation
of lipid. J Lipid Res 1983: 24: 1070-1076.

Muhammad S. Epidemiology of diabetes and obesity in
the United States. Compend Contin Educ Dent 2004: 25:
195-198, 200, 202, quiz 204.

Musson RA, Shafran H, Henson PM. Intracellular levels
and stimulated release of lysosomal enzymes from human
peripheral blood monocytes and monocyte-derived
macrophages. J Reticuloendothel Soc 1980: 28: 249-264.
Muzio M, Natoli G, Saccani S, Levrero M, Mantovani A.
The human toll signaling pathway. divergence of nuclear
factor kappaB and JNK/SAPK activation upstream of
tumor necrosis factor receptor-associated factor 6
(TRAF6). J Exp Med 1998: 187: 2097-2101.

Nakamura Y, Horii Y, Nishino T, Shiiki H, Sakaguchi Y,
Kagoshima T, Dohi K, Makita Z, Vlassara H, Bucala R.
Immunohistochemical localization of advanced glycosy-
lation end products in coronary atheroma and cardiac
tissue in diabetes mellitus. Am J Pathol 1993: 143: 1649—
1656.

Nathan CF, Murray HW, Cohn ZA. The macrophage as an
effector cell. N Engl ] Med 1980: 303: 622—626.

National Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK). Diabetes across the United States. In:
National Diabetes Information Clearinghouse (NDIC).
[WWW  document]. http://www.diabetes.org/diabetes-
statistics/cost-of-diabetes-in-us.jsp.

Neeper M, Schmidt AM, Brett J, Yan SD, Wang F, Pan YC,
Elliston K, Stern D, Shaw A. Cloning and expression of a
cell surface receptor for advanced glycosylation end
products of proteins. J Biol Chem 1992: 267: 14998-15004.
Neil A. Diabetes and cardiovascular disease. Diabetes Obes
Metab 2003: 5 (Suppl. 1): S11-S18.

Nerup J, Mandrup-Poulsen T, Molvig J. The HLA-IDDM
association: implications for etiology and pathogenesis of
IDDM. Diabetes Metab Rev 1987: 3: 779-802.

Nesto R. CHD. a major burden in type 2 diabetes. Acta
Diabetol 2001: 38 (Suppl. 1): S3-S8.

Nomoto K, Oguchi S, Watanabe I, Kushiro T, Kanmatsuse
K. Involvement of inflammation in acute coronary syn-
dromes assessed by levels of high-sensitivity C-reactive
protein, matrix metalloproteinase-9 and soluble vascular-
cell adhesion molecule-1. J Cardiol 2003: 42: 201-206.
O’Brien KD, Alpers CE, Hokanson JE, Wang S, Chait A.
Oxidation-specific epitopes in human coronary athero-
sclerosis are not limited to oxidized low-density lipopro-
tein. Circulation 1996: 94: 1216-1225.

O’Neill LA. The interleukin-1 receptor/ Toll-like receptor
superfamily: signal transduction during inflammation and
host defense. Biochem Soc Trans 2000: 28: 557-563.

Page RC, Offenbacher S, Schroeder HE, Seymour GJ,
Kornman KS. Advances in the pathogenesis of perio-
dontitis: summary of developments, clinical implications
and future directions. Periodontol 2000 1997: 14: 216-
248.

141



Southerland et al.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Papapanou PN. Epidemiology of periodontal diseases: an
update. J Int Acad Periodontol 1999: 1: 110-116.

Peppa M, UribarriJ, Vlassara H. Advanced glycoxidation. A
new risk factor for cardiovascular disease? Cardiovasc
Toxicol 2002: 2: 275-287.

Pirola L, Johnston AM, Van Obberghen E. Modulation of
insulin action. Diabetologia 2004: 47: 170-184.

Preshaw PM, Seymour RA, Heasman PA. Current concepts
in periodontal pathogenesis. Dent Update 2004: 31: 574—
578.

Pugin J, Heumann ID, Tomasz A, Kravchenko VV, Akam-
atsu Y, Nishijima M, Glauser MP, Tobias PS, Ulevitch RJ.
CD14 is a pattern recognition receptor. Immunity 1994: 1:
509-516.

Pussinen PJ], Mattila K. Periodontal infections and
atherosclerosis: mere associations? Curr Opin Lipidol
2004: 15: 583-588.

Qi M, Miyakawa H, Kuramitsu HK. Porphyromonas gin-
givalis induces murine macrophage foam cell formation.
Microb Pathog 2003: 35: 259-267.

Quinn L. Educating patients with diabetes about cardio-
vascular disease risk. Prog Cardiovasc Nurs 2004: 19: 107—
113.

Radulescu L, Stancu C, Antohe F. Antibodies against
human oxidized low-density lipoprotein (LDL) as markers
for human plasma modified lipoproteins. Med Sci Monit
2004: 10: BR207-214.

Rashid G, Benchetrit S, Fishman D, Bernheim J. Effect of
advanced glycation end-products on gene expression and
synthesis of TNF-alpha and endothelial nitric oxide syn-
thase by endothelial cells. Kidney Int 2004: 66: 1099-1106.
Raynes JG. The acute phase response. Biochem Soc Trans
1994: 22: 69-74.

Reaven P. Metabolic syndrome. J Insur Med 2004: 36: 132—
142.

Renard CB, Kramer F, Johansson F, Lamharzi N, Tannock
LR, von Herrath MG, Chait A, Bornfeldt KE. Diabetes and
diabetes-associated lipid abnormalities have distinct
effects on initiation and progression of atherosclerotic
lesions. J Clin Invest 2004: 114: 659-668.

Rizvi AA. Type 2 diabetes: epidemiologic trends, evolving
pathogenic concepts, and recent changes in therapeutic
approach. South Med ] 2004: 97: 1079-1087.

Rodel J, Prochnau D, Prager K, Pentcheva E, Hartmann M,
Straube E. Increased production of matrix metallopro-
teinases 1 and 3 by smooth muscle cells upon infection
with Chlamydia pneumoniae. FEMS Immunol Med
Microbiol 2003: 38: 159-164.

Ruan H, Hacohen N, Golub TR, Van Parijs L, Lodish HF.
Tumor necrosis factor-alpha suppresses adipocyte-speci-
fic genes and activates expression of preadipocyte genes in
3T3-L1 adipocytes: nuclear factor-kappaB activation by
TNF-alpha is obligatory. Diabetes 2002: 51: 1319-1336.
Ryseck RP, Weih F, Carrasco D, Bravo R. RelB, a member
of the Rel/NF-kappa B family of transcription factors.
Braz ] Med Biol Res 1996: 29: 895-903.

Salvi GE, Beck JD, Offenbacher S. PGE2, IL-1 beta, and
TNF-alpha responses in diabetics as modifiers of perio-
dontal disease expression. Ann Periodontol 1998: 3: 40-50.
Salvi GE, Lawrence HP, Offenbacher S, Beck JD. Influence
of risk factors on the pathogenesis of periodontitis. Perio-
dontol 2000 1997: 14: 173-201.

142

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Salvi GE, Yalda B, Collins JG, Jones BH, Smith FW, Arnold
RR, Offenbacher S. Inflammatory mediator response as a
potential risk marker for periodontal diseases in insulin-
dependent diabetes mellitus patients. J Periodontol 1997:
68: 127-135.

Santamaria P, Gehrz RC, Bryan MK, Barbosa JJ. Involve-
ment of class II MHC molecules in the LPS-induction of
IL-1/TNF secretions by human monocytes. Quantitative
differences at the polymorphic level. /] Immunol 1989: 143:
913-922.

Schmidt AM, Hasu M, Popov D, Zhang JH, Chen J, Yan SD,
Brett J, Cao R, Kuwabara K, Costache G, et al. Receptor for
advanced glycation end products (AGEs) has a central role
in vessel wall interactions and gene activation in response
to circulating AGE proteins. Proc Natl Acad Sci U S A 1994:
91: 8807-8811.

Schmidt AM, Hori O, Cao R, Yan SD, Brett J, Wautier JL,
Ogawa S, Kuwabara K, Matsumoto M, Stern D. RAGE: a
novel cellular receptor for advanced glycation end prod-
ucts. Diabetes 1996: 45 (Suppl. 3): S77-S80.

Schmidt AM, Yan SD, Brett J, Mora R, Nowygrod R, Stern
D. Regulation of human mononuclear phagocyte migra-
tion by cell surface-binding proteins for advanced gly-
cation end products. J Clin Invest 1993: 91: 2155-2168.
Schmidt AM, Yan SD, Wautier JL, Stern D. Activation of
receptor for advanced glycation end products: a mech-
anism for chronic vascular dysfunction in diabetic vas-
culopathy and atherosclerosis. Circ Res 1999: 84: 489-497.
Schumacher M, Eber B, Tatzber F, Kaufmann P, Esterba-
uer H, Klein W. LDL oxidation and coronary atheroscler-
osis. Lancet 1992: 340: 123.

Semb H, Peterson J, Tavernier J, Olivecrona T. Multiple
effects of tumor necrosis factor on lipoprotein lipase
in vivo. J Biol Chem 1987: 262: 8390-8394.

Semenkovich CF, Heinecke JW. The mystery of diabetes
and atherosclerosis: time for a new plot. Diabetes 1997: 46:
327-334.

Shapira L, Warbington M, Van Dyke TE. TNF alpha and
IL-1 beta in serum of LJP patients with normal and
defective neutrophil chemotaxis. J Periodontal Res, 1994:
29: 371-373.

Sigurdardottir V, Fagerberg B, Hulthe J. Circulating oxid-
ized low-density lipoprotein (LDL) is associated with risk
factors of the metabolic syndrome and LDL size in clin-
ically healthy 58-year-old men (AIR study). J Intern Med
2002: 252: 440-447.

Slade GD, Offenbacher S, Beck JD, Heiss G, Pankow ]JS.
Acute-phase inflammatory response to periodontal dis-
ease in the US population. J Dent Res 2000: 79: 49-57.
Socransky SS, Haffajee AD, Cugini MA, Smith C, Kent RL
Jr. Microbial complexes in subgingival plaque. J Clin
Periodontol 1998: 25: 34-144.

Stephens JW, Ambler G, Vallance P, Betteridge DJ,
Humphries SE, Hurel SJ. Cardiovascular risk and diabetes.
Are the methods of risk prediction satisfactory? Eur J
Cardiovasc Prev Rehabil 2004: 11: 521-528.

Storz P, Doppler H, Wernig A, Pfizenmaier K, Muller G.
Cross-talk mechanisms in the development of insulin
resistance of skeletal muscle cells palmitate rather than
tumour necrosis factor inhibits insulin-dependent protein
kinase B (PKB) / Akt stimulation and glucose uptake. Eur J
Biochem 1999: 266: 17-25.



Periodontitis, diabetes, and coronary artery disease

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Streja D. Metabolic syndrome and other factors associated
with increased risk of diabetes. Clin Cornerstone 2004: 6
(Suppl. 3): S14-S29.

Taguchi A, Blood DC, del Toro G, Canet A, Lee DC, Qu W,
Tanji N, Lu Y, Lalla E, Fu C, Hofmann MA, Kislinger T,
Ingram M, Lu A, Tanaka H, Hori O, Ogawa S, Stern DM,
Schmidt AM. Blockade of RAGE-amphoterin signalling
suppresses tumour growth and metastases. Nature 2000:
405: 354-360.

Tanimoto K, Ohno S, Fujimoto K, Honda K, Jjuin C, Tan-
aka N, Doi T, Nakahara M, Tanne K. Proinflammatory
cytokines regulate the gene expression of hyaluronic acid
synthetase in cultured rabbit synovial membrane cells.
Connect Tissue Res 2001: 42: 187-195.

Taylor GW. Bidirectional interrelationships between dia-
betes and periodontal diseases: an epidemiologic per-
spective. Ann Periodontol 2001: 6: 99-112.

Taylor GW, Burt BA, Becker MP, Genco RJ, Shlossman M.
Glycemic control and alveolar bone loss progression in
type 2 diabetes. Ann Periodontol 1998: 3: 30-39.

Thanos D, Maniatis T. NF-kappa B: a lesson in family
values. Cell 1995: 80: 529-532.

Tilg H, Dinarello CA, Mier JW. IL-6 and APPs: anti-
inflammatory and immunosuppressive mediators.
Immunol Today 1997: 18: 428-432.

Tsai C, Hayes C, Taylor GW. Glycemic control of type 2
diabetes and severe periodontal disease in the US adult
population. Community Dent Oral Epidemiol 2002: 30:
182-192.

Tsilibary EC, Charonis AS, Reger LA, Wohlhueter RM,
Furcht LT. The effect of nonenzymatic glucosylation on
the binding of the main noncollagenous NC1 domain to
type IV collagen. J Biol Chem 1988: 263: 4302-4308.
Vaziri ND. Oxidative stress in uremia: nature, mecha-
nisms, and potential consequences. Semin Nephrol 2004:
24: 469-473.

Virella G, Atchley D, Koskinen S, Zheng D, Lopes-Virella
ME. Proatherogenic and proinflammatory properties of
immune complexes prepared with purified human oxLDL
antibodies and human oxLDL. Clin Immunol 2002: 105:
81-92.

Vlassara H. Recent progress on the biologic and clinical
significance of advanced glycosylation end products. J Lab
Clin Med 1994: 124: 19-30.

Wautier JL, Schmidt AM. Protein glycation: a firm link
to endothelial cell dysfunction. Circ Res 2004: 95: 233-
238.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Weitzman S, Wang C, Rosamond WD, Chambless LE,
Cooper LS, Shahar E, Goff DC. Is diabetes an independent
risk factor for mortality after myocardial infarction? The
ARIC (Atherosclerosis Risk in Communities) Surveillance
Study. Acta Diabetol 2004: 41: 77-83.

Wesche H, Henzel WJ, Shillinglaw W, Li S, Cao Z. MyD88:
an adapter that recruits IRAK to the IL-1 receptor complex.
Immunity 1997: 7: 837-847.

Winer N, Sowers JR. Epidemiology of diabetes. J Clin
Pharmacol 2004: 44: 397-405.

Wogensen LD, Mandrup-Poulsen T, Markholst H, Molvig
J, Lernmark A, Holst JJ, Dinarello CA, Nerup J. Interleukin-
1 potentiates glucose stimulated insulin release in the
isolated perfused pancreas. Acta Endocrinol (Copenh)
1988: 117: 302-306.

Wolffenbuttel BH, Boulanger CM, Crijns FR, Huijberts MS,
Poitevin P, Swennen GN, Vasan S, Egan JJ, Ulrich P,
Cerami A, Levy BI. Breakers of advanced glycation end
products restore large artery properties in experimental
diabetes. Proc Natl Acad Sci U S A 1998: 95: 4630-4634.
Waulczyn FG, Krappmann D, Scheidereit C. The NF-kappa
B/Rel and I kappa B gene families: mediators of immune
response and inflammation. J Mol Med 1996: 74: 749-769.
Yalda B, Offenbacher S, Collins JG. Diabetes as a modifier
of periodontal disease expression. Periodontol 2000 1994:
6: 37-49.

Yeh CH, Sturgis L, Haidacher J, Zhang XN, Sherwood §]J,
Bjercke RJ, Juhasz O, Crow MT, Tilton RG, Denner L.
Requirement for p38 and p44/p42 mitogen-activated
protein kinases in RAGE-mediated nuclear factor-kappaB
transcriptional activation and cytokine secretion. Diabetes
2001: 50: 1495-1504.

Yet SF, Melo LG, Layne MD, Perrella MA. Heme oxygenase
1 in regulation of inflammation and oxidative damage.
Methods Enzymol 2002: 353: 163-176.

Yosefy C. Hyperglycaemia and its relation to cardiovas-
cular morbidity and mortality: has it been resolved? Acta
Diabetol 2003: 40 (Suppl. 2): S380-S388.

Yuan K, Chang CJ, Hsu PC, Sun HS, Tseng CC, Wang JR.
Detection of putative periodontal pathogens in non-
insulin-dependent diabetes mellitus and non-diabetes
mellitus by polymerase chain reaction. J Periodontal Res
2001: 36: 18-24.

Zimmet PZ, McCarty DJ, de Courten MP. The global epi-
demiology of non-insulin-dependent diabetes mellitus
and the metabolic syndrome. J Diabetes Complications
1997: 11: 60-68.

143



