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Abstract

Periodontitis is a common, chronic inflammatory disease
initiated by bacteria which has an increased prevalence
and severity in patients with type 2 diabetes. Recent
studies indicate that the co-morbid presence of
periodontitis can, in turn, adversely affect diabetic status
and the treatment of periodontitis can lead to improved
metabolic control in diabetes patients. Current evidence
points to a bidirectional interrelationship between diabetes
and inflammatory periodontitis.  The importance of
oxidative  stress-inflammatory  pathways in the
pathogenesis of type 2 diabetes and periodontitis has
recently received attention. Given the bidirectional
relationship between these two conditions, this review
discusses the potential synergistic interactions along the
oxidative stress-inflammation axis common to both type
2 diabetes and periodontitis, and the implications of this
relationship for diabetic patients.
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Introduction

Periodontitis is a common, chronic inflammatory disease,
initiated by plaque bacteria which affects the tissues that
support the teeth. Type 2 diabetic patients have an increased
prevalence'?345678 and severity” %0 of periodontitis.

Recent studies indicate that the co-morbid presence of
periodontitis can, in turn, adversely affect diabetic status.'®"
Treatment of periodontitis is reported to improve metabolic
control in diabetes, as measured by HbA1c levels.'21314.15
Evidence points to a bidirectional interrelationship between
diabetes and inflammatory periodontitis.'® This review examines
the evidence that oxidative stress is a key pathological link
between periodontitis and type 2 diabetes and that disease
outcomes are exacerbated when both diseases co-exist.

Oxidative stress

Free radicals are “species capable of independent existence
that contain one or more unpaired electrons”."”
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The unpaired electrons of free radicals confer an inherent
instability and high reactivity potential with other biomolecules.
Reactive Oxygen Species (ROS) is a term collectively describing
oxygen radicals and other non-radical but reactive oxygen
derivatives, many of which are found in living organisms
(Table 1).1®

Table I: Reactive Oxygen Species (ROS) in Living Organisms
(adapted from reference 18).

Radicals Non-Radicals

Hydroxyl “OH Peroxynitrite ONOO
Superoxide 0, Hypochlorous acid HOCI
Nitric Oxide NO*® Hydrogen Peroxide H.0;

Thyl RS* Singlet Oxygen ng ('0)
Peroxyl RO, Ozone 0y

Lipid peroxyl LoO* Lipid hydroperoxide LOOH

ROS are continuously generated in the body during
mitochondrial oxidative metabolism due to electron leakage
from their carriers within the mitochondrial electron transport
chains. In addition, ROS are generated by the NADPH-oxidase
enzyme complex on the inner lipid membrane of inflammatory
cells and other cell types. In health, it is now known that ROS,
in addition to their bactericidal function, play an important role
in normal homeostasis by controlling gene expression, cellular
signal transduction and maintaining vascular health.®

The delicate redox balance within cells and tissues essential for
physiological and biochemical homeostasis is maintained by
antioxidant mechanisms including a series of enzymes that can
degrade ROS and dietary-derived, small molecule antioxidants
including vitamins A, C and E.?®* When antioxidant defence
systems are compromised or ROS-production is excessive, a
state of “oxidative stress” arises and this state is an important
contributing factor to tissue damage in many chronic human
diseases (atherosclerosis, cancer, neurodegenerative disorders,
and ageing),? including periodontitis and diabetes.!”21.22.23

Cell and tissue damage can result directly through reactivity of
ROS with biomolecules leading to alterations in the structure
and function of DNA, lipids and proteins. In addition, more
subtle increases in ROS concentration within cells allows the
activation of REDOX sensitive transcription factors such as
activating protein-1 (AP-1) and nuclear factor kappa B (NFkB).2
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The NFkB family of redox-sensitive transcription factors play a
critical role in inflammatory, apoptotic and immune responses?
whereas AP-1 regulates the activity of a wide variety of pro-
inflammatory genes including IL-2, IL-8, TNFa, matrix
metalloproteinases and adhesion molecules.

The investigation and establishment of the role played by
oxidative stress in disease pathogenesis requires the
determination of oxidative status. Direct measurement of free
radicals is problematic due to their short half-lives and high
reactivity, therefore oxidation products of biomolecules are
employed as indirect markers of oxidative stress (Table I).26

Table II: Some Commonly Used Markers of Oxidative Damage.

Lipid peroxidation

* Lipid peroxides

*  Aldehydes formed from oxidation of polyunsaturated fats (e.g.
Malondialdehyde)

*  Acrolein

*  Isoprostanes (eg. F2-isoprostanes from arachadonic acid)

DNA oxidation
*  B-hydroxy-2-deoxyguanosine (8-OHdAG)

*  DNA strand breaks (Comet assay)

Protein oxidation

*  Protein carbonyls

Determination of antioxidant status is more amenable to study
and assays have been developed which measure the total
antioxidant capacity (TAOC) of biological fluids and tissues by
(@) measuring the suscepitibility of biological fluids to oxidation
by the addition of pro-oxidants and monitoring by an
exogenous, oxidisable substrate®” or (b) assessing the ability of
a biological sample to quench a pre-formed radical over a
measured inhibition time.?®

Periodontitis

Periodontitis encompasses chronic inflammation of the
supporting tissues (gingival, periodontal ligament, cementum
and bone) of the teeth, initiated by inadequate oral hygiene with
accumulation and maturation of a sub-gingival plaque biofilm
containing gram-negative, anaerobic bacteria.?® The prevalence
of severe periodontitis is 5-20% of populations that have been
examined worldwide® and therapy involves physical disruption
of the plague biofilm with oral hygiene education to prevent
plaque re-accumulation. However, an exaggerated
inflammatory and immune response to the presence of specific
pathogenic bacteria (eg. Porphorymonas gingivalis) is the key
determinant of individual susceptibility to periodontitis.>" This
“hyper-inflammatory” state results in elevated levels of local
neutrophil-derived, degradative enzymes, circulating cytokines
and C-reactive protein (CRP).*2 Enzyme and cytokine-mediated
destruction of the bone and collagen-rich connective tissue
support of the teeth results and ultimately leads to tooth loss in
severe cases.®

Oxidative Stress in Periodontitis

Neutrophils are the most prominent cells of the gingival
inflammatory infiltrate in patients with periodontitis.3* Binding of
bacteria directly or indirectly by the surface receptors (Toll-like
receptors [TLR] and Fcg-receptors [Fcg-R]) of neutrophils
triggers phagocytosis and superoxide radical formation which
may subsequently be converted to hydrogen peroxide and the
highly reactive hydroxyl radical. The generation of oxygen free
radicals activates bactericidal enzymes within the phagosome®
and within this protective environment, bacteria are destroyed.
However, extracellular release of ROS by neutrophils is
recognised as an important factor contributing to the tissue
damage in periodontitis.**" Peripheral blood neutrophils from
periodontitis patients exhibit spontaneous ROS release in
addition to hyper-reactivity (post-TLR or Fcg-R stimulation)
compared with healthy controls.?82940 While the stimulated
hyper-reactivity may be partially reduced by periodontal therapy,
the spontaneous production of extracellular ROS is not.®®
Recently, neutrophils from periodontitis patients have also been
shown to exhibit a distinct molecular phenotype,*' which
together with the data from the functional studies, suggests that
periodontitis is associated with peripheral activation of
neutrophils.

Further evidence for a pathogenic role and peripheral impact of
ROS comes from studies which show that periodontitis is
negatively associated with serum antioxidant concentrations.*
Both cross-sectional case control and longitudinal experimental
studies have also shown a reduction in TAOC both within the
local periodontal tissues and in plasma compared to
controls,*44 together with increased levels of an antioxidant
enzyme (SOD) within the gingivae (45). Improvement in both
local and peripheral TAOC status following successful treatment
for periodontitis**“* support the epidemiological data** and
reinforces the case for systemic effects of ROS in periodontitis.

Locally within the periodontal tissues, the excessive release of
ROS and alteration in redox balance can result in local tissue
damage directly (eg. oxidation of extracellular and cellular
macromolecules) and indirectly via activation of redox-sensitive
nuclear transcription such as NFkB and AP-1 leading to an
amplification of inflammatory and immune processes. There is
now accumulating data for the presence of periodontitis-
associated oxidative damage within periodontal tissues in both
human*4” and animal studies.*® However, the evidence for
systemic alterations in redox status in periodontitis suggests
that these patients either have a lower threshold antioxidant
defence capacity and/or are predisposed towards exaggerated
ROS-release at peripheral sites.*® Investigation of peripheral
oxidative damage in periodontitis is in its infancy but recent
reports have suggested increased levels of protein carbonyls
in peripheral blood and saliva, and oxidative damage within
tissues such as liver.#:505!

Diabetes Mellitus

Diabetes mellitus encompasses a group of metabolic disorders
characterised by hyperglycaemia secondary to defects in insulin
secretion, insulin action or both (Table I11).>  Type 2 diabetes
has reached epidemic proportions with 1.8 million affected
people in the UK (3% of the population) and up to a further
million with undiagnosed disease (Diabetes in the UK 2004, A
report from Diabetes UK, October 2004). Furthermore, patients
with type 2 diabetes are at increased risk for macrovascular and
microvascular damage including cardiovascular disease,
retinopathy and nephropathy.



SCOTTISH MEDICAL JOURNAL

Volume 54 Issue 2 May 2009

Table IlI: Classification of Diabetes Mellitus by Aetiology —
(American Diabetic Association, 2004).

[ Type 1 dighetes (B-cell destruction, usually leading Lo absolute insulin deficiency)
AL Immune mediated
B. Idiopathic

II. Type 2 diabetes (may range from predominantly insulin resistance with relative
insulin deficiency to a predominantly secretory defect with insulin resistance)

[ Other specific types-mcluding
Genetic defeets of msulin actiondeell function
Diseases of the exocrine pancreas
Endocrinopathics
Drug- or chemical-induced

The aetiology of type 2 diabetes appears to be multifactorial. A
genetic component contributes to individual susceptibility for
the development of type 2 diabetes.>® Metabolic syndrome, the
characteristics of which are impaired glucose tolerance, obesity,
hypertension and dyslipidaemia, is associated with an
increased risk for the development of diabetes by a factor of
2.99 and may be considered a ‘pre-diabetic’ state.®* Type 2
diabetes and the ‘pre-diabetic’ metabolic syndrome are
associated with obesity, physical inactivity and a high glucose,
high fat, low fibre diet .

Insulin resistance is the initial abnormality in glycaemic control
found in type 2 diabetes. It may be present for a number of
years before the onset of diabetes and is a feature of metabolic
syndrome.® However, over time chronic hyperglycaemia and
‘glucose toxicity’ results in hypofunction of the pancreatic B-
cells and an exacerbation of glucose intolerance. Insulin
resistance is associated with stimulation of innate immunity and
an upregulated inflammatory state® leading to increased levels
of the cytokine TNF-a which induces serine-phosphorylation of
the insulin receptor and contributes to defective insulin
signalling.®’

Diabetes and Oxidative Stress

Current evidence suggests that oxidative stress may be the
underlying pathological condition associated with the
development of pre-diabetic and diabetic conditions, and may
also be responsible for the complications of diabetes.%® It is
considered that the stimulated inflammation observed in the
pre-diabetic and diabetic state is a direct manifestation and
consequence of chronic pre-existing oxidative stress.® Indirect
markers of oxidative stress including markers of lipid
peroxidation® and DNA damage®' are significantly higher in
diabetic patients than healthy controls. Diabetic patients have
lowered antioxidant defences,® total antioxidant status of
plasma® and total antioxidant levels are inversely related to the
development of diabetic complications.®

Dietary factors, especially glucose and fat intake induce
oxidative stress, triggering redox-sensitive cell signalling and
upregulation of inflammation.®® The consequences of repeated
intake of high glucose, high fat macronutrients exceeding the
energy requirements of the body is associated with ROS
production at the mitochondrial level, with hyperglycaemic
states leading to excess ROS generation (Figure 1).6667
Interestingly, high glucose levels are also associated with
enhanced NADPH oxidase activity and ROS production in
neutrophils® and endothelial cells.®® High glucose levels also
contribute to the production of advanced glycation end-
products (AGEs), created by the non-enzymatic glycation and
oxidation of proteins, which, upon binding to their surface
receptor RAGE, results in further ROS production by various cell
types.”™

Figure 1. A model of mitochondrial ROS preduction in hyperglycaemia (adapied
from Brownlee, 2004 & Green e af, 2004 (66, 677). Normal concentrations of glucase cause the
production of electron donors (reducing equivalents) such as NADH and FADH, within mitochondria.
These may enter milechondria via redox shundes (RS} or be derived from the TCA evele subsequent 1o
uptake of pyruvate by the pyruvate transporter (1), Electrons are passed through the respiratory chain
{omplexes T-TV) o axygen, finally producing water,  This process leads e protons being pumped
across the inner mitochondrial membrane and the production of an electrochemical potential gradient
(membrane potential; A¥m). This gradient is reduced by ATP synthase { ATP-5) which produces ATP
and allows the re-cniry of profons inte the mitochondrial matrix, ATF and ADP are cxchanged across
the inner membrane vin adenine nucleotide transporter (ANT) amd inorganic phosphate (P11 enters via
the phosphate carrier (PC) Protons may also reeyele without A'TP formation via uncoupling proteins
(UCP) Migh glueose concentrations will lead o the presence ol higher levels of eleciron donars,
cxeessive clectrons entering the i v chain and sub inerease in the membrane potential
until u critical threshold is reached. AL this point, electron transler ol complex TTT s inhibiled causing
cleetrons to backup to vbiguinone (), Single elecrons are then diverted to oxyeen, causing the
peneration ol superoxide which may then lead w the production ol hydroxyl radicals (via 1.0,
produeed by Type 2 superoxide dismutase [Mn-S0D] and presence of Fe™ liberated from iron sulphur
priteins [I8P] by superoxide), peroxynitrite (hy reaction of superoxide wilth nitrous oxide) and
oxidative damage. (Cyto O, eytochrome €.
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The excessive levels of ROS produced in diabetes are the
proximal step in the activation of stress-sensitive signalling
pathways (eg. NFkB) and with other cell-signalling pathways
(hexosamine and PKC) which are also associated with up-
regulation of pro-inflammatory  cytokines,®®  diabetic
complications (eg. vascular disease, retinopathy and diabetic
nephropathy)”'727 and insulin resistance.” More directly,
excess mitochondrial superoxide production in pancreatic B-
cells results in decreased insulin secretion.™

Thus, evidence suggests that insulin resistance may develop
as a result of oxidative stress and redox-stimulated upregulation
of inflammation generated by the repeated consumption of high
glucose, high fat foods, exacerbated by a lack of physical
activity and associated obesity. Chronic hyperglycaemia and
dyslipidaemia result in saturation of cellular anti-oxidant capacity
with ongoing stimulation of redox-sensitive cell signalling
pathways and down-stream activation of biochemical pathways
associated with the development of diabetes and diabetic
complications.

Inter-Relationship between Periodontitis and Type 2
Diabetes

Periodontitis has been identified as the sixth complication of
diabetes’™ and its prevalence in type 2 diabetic patients is more
than twice that of non-diabetic patients.!?345678 Diabetic
patients display an increased severity of disease”?'° with
severity being related to diabetic control” but unrelated to
diabetic duration.® However, periodontitis appears to have a
reciprocating negative impact on diabetic status'®' and
significant relationships between periodontitis and both
impaired glucose tolerance’” and diabetic retinopathy have
been reported.” Furthermore, periodontitis patients have been
reported to have higher resting plasma glucose levels than
control patients”™ and experimental periodontitis increases
blood glucose levels in diabetic rats.®
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That periodontitis is a strong independent predictor of mortality
from ischaemic heart disease and the development of diabetic
nephropathy has been suggested by a prospective, longitudinal
study of 628 diabetic subjects (type 2) of the Pima Indian
race.®"# Support for this has come from several studies that
have shown that improved periodontal health, achieved through
periodontal therapy, improves the metabolic control of type 2
diabetes as measured by HbA1c levels. 12131415

The Oxidative Stress/Inflammation Axis Uniting
Periodontal Disease and Diabetes

Thus, current evidence points to a bidirectional interrelationship
between diabetes and periodontitis. The precise nature of this
interrelationship is unclear. An upregulated inflammatory state
has been proposed as the common mechanism underlying
both conditions®®8* with an increase in cytokines, including TNF-
«, postulated as a possible link.2® We suggest that oxidative
stress is a common factor in periodontal disease, type 2
diabetes and perhaps the ‘pre-diabetic’ condition and that the
imbalance in redox control resulting independently from these
disease states acts synergistically, and amplifies in a bi-
directional manner the biochemical and clinical course of these
diseases.

Excess ROS generated by peripherally primed neutrophils in
the periodontitis state®% and reduced peripheral antioxidant
levels*>4% may further tax an already compromised local and
peripheral antioxidant defence in the prediabetic/diabetic state.
When both conditions co-exist the balance is tipped towards
stimulation of redox-sensitive pathways with downstream
upregulation of inflammation and associated insulin resistance,
compromising blood glucose control and contributing to the
development of diabetic complications. On the other hand, the
diabetic conditions of chronic hyperglycaemia and increased
AGE formation, may impair antioxidant capacity®>63¢* and
enhance NADPH oxidase activity and ROS production by
neutrophils®8¢ contributing to both direct and indirect oxidative
damage to periodontal tissues in response to periodontal
pathogens within the dental plaque biofilm.

AGE accumulation in the gingival tissues of diabetic animals
associated with a state of enhanced oxidative stress within the
tissues®” and expression of the RAGE by gingival vascular
endothelium and epithelium has been demonstrated at
diseased sites from periodontitis patients with and without type
2 diabetes.® In vitro AGE formation on type | collagen
significantly increased neutrophil adhesion and chemotaxis as
well as having a priming effect on subsequent stimulation.®
These results suggest that oxidation-dependent changes in
vascular endothelium and collagen within the periodontal
connective tissues could increase the numbers of PMNs
entering, and retard their migration through the tissues,
increasing their potential to produce tissue-damaging levels of
ROS.

Interestingly, the formation of AGEs links diabetes to smoking,
the most important risk factor for the development of
periodontitis.®®  Nornicotine, a metabolite found in high
concentrations in the plasma of smokers, not only causes the
development of advanced glycation end products®? but also
induces an increase in the expression of RAGE by human
gingival fibroblasts in vitro®® thus providing a mechanistic link
between diabetes, smoking and periodontal disease based
upon oxidative stress.

Summary

The pathological conditions of periodontitis  and
prediabetes/diabetes are associated with the generation of
oxidative stress. This oxidative stress causes direct damage at
the biomolecular level and triggers destructive pro-inflammatory
responses including the oxidative stress/inflammation axis. The
co-existence of periodontitis and pre-diabetes/diabetes leads
to a synergistic lowering of antioxidant capacity, augmenting in
a bi-directional manner the pathological process underpinning
both conditions.

Implications for Diabetic Patients with Periodontitis
and Future Therapeutic Strategies.

The oxidative status of diabetic patients both systemically and
locally within the periodontal tissues needs to be considered as
part of treatment regimes. Efforts to develop therapeutic
strategies aimed at limiting ROS production or increasing the
rate of removal by antioxidant mechanisms in diabetic patients
have been advocated.6”

Alpha-lipoic acid (ALA) has powerful antioxidant ability and ALA
supplementation improves the antioxidant status of diabetics
independent of glycaemic control.®® ALA supplementation has
been used successfully in Germany for decades to treat
diabetic neuropathy.®

The potential applications of local antioxidant therapy in the
periodontal tissues have been illustrated by animal studies
which demonstrate that application of the ALA homologue, N-
acetyl cysteine, decreases the intensity of the neutrophil
oxidative burst by a direct scavenging action.®” Aminoguanidine,
a nitric oxide synthase inhibitor, decreased the levels of
inflammation within the periodontal tissues of animals with
artificially-induced periodontitis.®® Further work is required to
develop treatment strategies aimed at improving the antioxidant
capacity in the periodontitis state, especially in high-risk patients
with diabetes.

Patients with diabetes need to be informed of their increased
risk for periodontitis. Periodontal therapy should be a key
consideration in the management of diabetic patients with co-
morbid periodontitis, due to the potential negative impact of
periodontitis on local and systemic oxidative status and
glycaemic control. The importance of maintaining optimal
glycaemic control in an effort to minimise metabolically
generated ROS with their consequent deleterious effects on the
periodontal tissues should also be emphasised to these
patients.
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