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Abstract

Aims: To review the evidence for the molecular and cellular processes that may
potentially link periodontal disease and diabetes. The pathogenic roles of cyto-
kines and metabolic molecules (e.g. glucose, lipids) are explored and the role of
periodontal bacteria is also addressed. Paradigms for bidirectional relationships
between periodontitis and diabetes are discussed and opportunities for elaborat-
ing these models are considered.

Methods: Database searches were performed using MeSH terms, keywords, and
title words. Studies were evaluated and summarized in a narrative review.
Results: Periodontal microbiota appears unaltered by diabetes and there is little
evidence that it may influence glycaemic control. Small-scale clinical studies and
experiments in animal models suggest that IL-15, TNF-o, IL-6, OPG and
RANKL may mediate periodontitis in diabetes. The AGE-RAGE axis is likely
an important pathway of tissue destruction and impaired repair in diabetes-
associated periodontitis. A role for locally activated pro-inflammatory factors in
the periodontium, which subsequently impact on diabetes, remains speculative.
Conclusion: There is substantial information on potential mechanistic pathways
which support a close association between diabetes and periodontitis, but there is
a real need for longitudinal clinical studies using larger patient groups, integrated
with studies of animal models and cells/tissues in vitro.
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Introduction with overall

The increasing recognition over the
last decade of the clinical and patho-

perspectives

health and disease
(including diabetes) has revealed new
regarding our under-
standing of periodontal pathogenesis

genic relationship of periodontitis
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with many potential clinical applica-
tions (Nassar et al. 2007, Lalla & Pa-
papanou 2011, Preshaw et al. 2012).
A dysregulated immune system is
central to the pathogenesis of diabetes
and associated complications. Type 2
diabetes (T2DM) and related condi-
tions such as obesity are associated
with a number of physiological, nutri-
tional and metabolic changes includ-
ing hyperglycaemia, production of

© 2013 European Federation of Periodontology and American Academy of Periodontology

advanced glycation end-products
(AGEs), hyperlipidaemia and
increased adiposity; these changes
have a number of consequences
including immune-dysregulation man-
ifested by a pronounced long-lasting
inflammatory state and weakened
self-limitation and resolution of
immune responses (Kolb & Mandrup-
Poulsen 2010). Systemic changes in
cytokine levels are central to patho-
genesis in T2DM (Pickup & Crook
1998) and these immune changes
(often described as chronic, low-grade
inflammation) can underpin insulin
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resistance and islet cell apoptosis lead-
ing to insulin deficiency and there-
fore progression of the diabetic state
(Donath & Shoelson 2011, Fernan-
dez-Real & Pickup 2012). Critically,
localized effects of immune dysregu-
lation may underpin complications
associated  with  T2DM; these
include vascular disease, retinopathy,
nephropathy and impaired healing
(Graves & Kayal 2008, King 2008). A
number of clinical trials provide evi-
dence for the utility of cytokine analy-
sis in pre-clinical diagnosis of T2DM
(Carstensen et al. 2010) and for cyto-
kine blockade in therapy for T2DM
(Larsen et al. 2009). Cytokines are
also critical in the development of type
1 diabetes (T1DM) and modulation of
cytokines is a potential therapeutic
modality (Mandrup-Poulsen et al.
2010, Baumann et al. 2012).

The overall aim of this Supple-
ment article was to provide a review
of the molecular and cellular pro-
cesses which might underpin the rela-
tionship between periodontal disease
and diabetes. Evidence from clinical
studies and experiments in model sys-
tems (in vivo and in vitro) are sum-
marized and evaluated. Existing
paradigms for bidirectional relation-
ships between periodontitis and dia-
betes are discussed and opportunities
for elaborating these models briefly
alluded to. Given the nature of the
subject area, it remains clear that this
literature search cannot be considered
a systematic review.

A variety of search strategies were
adopted which included electronic
database searches of Medline and Pub-
med from 1946 up to, and including,
June 2012, using MeSH terms, key-
words and title words during the
search. The terms used for these
searches were as follows: [diabetes mell-
itus type 1 OR diabetes mellitus type 2
OR diabetes OR diabetic] AND [bacte-
ria OR microflora OR microbiota OR
microbiology OR pathogen OR micro-
organism OR host—pathogen interac-
tions OR P. gingivalis OR A.
actinomycetemcomitans] AND [peri-
odontitis OR chronic periodontitis OR
aggressive periodontitis OR periodont*
OR gingivitis OR gingival]; [diabetes
mellitus type 1 OR diabetes mellitus
type 2 OR diabetes OR diabetic] AND
[periodontitis OR chronic periodontitis
OR aggressive periodontitis OR peri-
odont* OR gingivitis OR gingival]
AND [cytokine OR interleukin OR

prostaglandin OR matrix metallopro-
teinase OR adipokine OR leptin OR
adiponectin]; [diabetes OR diabetes
mellitus OR diabetic OR hyperglyce-
mia OR dysglycemia] AND [periodon-
titis OR periodont* OR gingivitis OR
gingival] AND [mechanisms OR path-
ogenesis OR infection OR pathogen
OR P. gingivalis]. Reference lists of
identified articles were also reviewed.
Only English language articles were
considered and case reports were not
included in the review. The key features
of identified relevant research studies
were evaluated and the conclusions
summarized in a narrative review.

The impact of diabetes on
periodontal disease pathogenesis

Microbial factors

Whether diabetes has an impact on
the periodontal microbiota has been
debated for many years. This ques-
tion was first posed by researchers in
the 1980s, who proposed that ele-
vated glucose levels in gingival cre-
vicular fluid (GCF) in people with
diabetes might favour the growth of
certain bacterial species in the sub-
gingival environment, leading to
increased susceptibility to periodon-
titis and accelerated disease progres-
sion. Studies that have investigated
the impact of diabetes on the peri-
odontal microbiota are summarized
in Table 1. Comparisons between
the studies are difficult due to the
varying clinical and laboratory pro-
tocols that were utilized. Also, there
are a number of other studies of the
periodontal microbiota in diabetes
not included in Table 1, which are
inconclusive as they did not ade-
quately report or control for the
clinical periodontal status of the
patients involved in the research
(Sanchez-Cordero et al. 1979, Thor-
stensson et al. 1995, Novaes et al.
1997, Collin et al. 1998, Campus
et al. 2005, Ciantar et al. 2005, Hin-
tao et al. 2007, Colhoun et al. 2008,
Dasanayake et al. 2008, Kamaraj
et al. 2011) or because they did not
present statistical analysis in support
of stated conclusions (Zambon et al.
1988). Therefore, in these studies,
it is not always clear if identified
differences in the periodontal micro-
biota between diabetic and non-dia-
betic patients result truly from an
impact of the diabetic state on the

periodontal bacteria, or simply result
from more severe periodontitis (i.e.
deeper pockets) in people with diabe-
tes. For example, in many studies,
patients with diabetes and periodon-
titis are compared to control groups
of periodontally healthy, non-dia-
betic patients. Ideally, studies of the
subgingival microbiota in patients
with  periodontitis and diabetes
should involve control groups com-
prising non-diabetic individuals with
matched periodontal status. Another
limitation of these studies is the
restricted analysis of biofilm species;
global (and unbiased) analysis of the
plaque microbiota using the tech-
niques of microbiomics and metage-
nomics could reveal more detailed
information about the influence of
diabetes on the oral microbiome
(Zarco et al. 2012).

From the studies listed in
Table 1, it is apparent that the pres-
ence of diabetes (TIDM or T2DM)
has no significant effect on the com-
position of the periodontal microbi-
ota. Furthermore, the level of
glycaemic control in people with dia-
betes also does not significantly
influence the composition of the sub-
gingival biofilm.

Cytokines and adipokines

The vast majority of studies of cyto-
kines, adipokines and other mediators
[growth factors, prostanoids and
matrix metalloproteinases (MMPs)] in
periodontitis and diabetes have been
small-scale clinical studies using GCF,
saliva or gingival tissue samples
(Table 2). Most reports focus on
chronic periodontitis in diabetes, but
a limited number include gingivitis
(Andriankaja et al. 2009) and aggres-
sive periodontitis (Davies et al. 2011).
The majority are cross-sectional stud-
ies and are designed to assess whether
diabetes quantitatively or qualitatively
influences the cytokine profile of
patients with periodontal disease.
The interpretations in Table 2 are
restricted to information relevant to
the relationship of diabetes with peri-
odontal disease. A number of studies
not included in Table 2 are inconclu-
sive in this regard because they were
designed to compare periodontal
treatment regimens in diabetic sub-
jects and did not include non-diabetic
control groups with matched peri-
odontal status and therefore any
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(MIP-2) and monocyte chemotactic
protein-1 (MCP-1) and blocking
experiments with anti-TNF-« antibod-
ies demonstrate these changes may be
secondary to the effects of TNF-uo
(Naguib et al. 2004, Pacios et al.
2012). Interestingly, increased levels of
IL-1p and platelet-derived growth fac-
tor-B (PDGFB) in periodontitis were
ameliorated by diabetes in a rat model
(Doxey et al. 1998). Also, MCP-1
expression was enhanced in the gingi-
val tissues of diabetic rats (Sakallioglu
et al. 2008). A number of studies of
animal models have highlighted the
importance of TNF-a in possibly
prolonging the immune response to
plaque bacteria in both TIDM and
T2DM and thereby promoting peri-
odontitis in these conditions (Lalla
et al. 2000a,b, Graves et al. 2004,
Naguib et al. 2004, Liu et al. 2006a,b,
Watanabe et al. 2008, Pacios et al.
2012). The role of TNF-o (and IL-6)
in the enhanced immune responses to
periodontal bacteria in diabetic mouse
models has also been highlighted
(Graves et al. 2005, Nishihara et al.
2009, Takano et al. 2010). However,
evidence for any association between
levels of TNF-o in oral fluids or gingi-
val tissues and T2DM in chronic peri-
odontitis is inconsistent (Duarte et al.
2007b, Navarro-Sanchez et al. 2007,
Ross et al. 2010, Santos et al. 2010b).
The majority of studies have
focused on single or a limited number
of mediators and most have investi-
gated pro-inflammatory cytokines
(Table 2). There is a possible role for
T2DM in modulating the oral levels
of receptor activator of nuclear
factor-kappa B ligand (RANKL)/
osteoprotegerin  (OPG) in chronic
periodontitis (Santos et al. 2010a,
Vieira Ribeiro et al. 2011). With the
exception of IL-8 (CXCLS), few stud-
ies have investigated the role of
chemokines. Similarly, there are few
substantial reports of studies investi-
gating growth factors, soluble adhe-
sion molecules and MMPs, all which
have direct or indirect immunoregu-
latory potential. Although some stud-
ies have studied multiple mediators
simultaneously in the same samples
(Surdacka et al. 2011, Vieira Ribeiro
et al. 2011), there are only isolated
reports of multiplex (Lalla et al.
2006) or proteomic (Kido et al.
2012) analysis of the oral immune
response in patients with diabetes
and co-existing periodontal disease.

Mechanisms linking periodontitis and diabetes

Hyperglycaemia can lead to dys-
regulation of immune responses
through direct effects on immune cell
function as described in the sections
below. Thus, the effect of diabetic
control on cytokines in chronic peri-
odontitis patients is of great interest.
Indeed, GCF IL-1p (Collin et al.
2000, Engebretson et al. 2004) and
salivary IL-6 were found to be corre-
lated with HbAIlIc (Costa et al.
2010), and GCF OPG and RANKL
associated with poor glycaemic con-
trol in T2DM in patients with
chronic periodontitis; these data are
consistent with previously described
associations of these mediators with
T2DM in periodontal disease.

Conclusions from cross-sectional
studies which suggest associations
between mediators and periodontitis
in diabetes would be strengthened if
such findings could be replicated in
longitudinal studies; this has been
approached in studies of the effect
of periodontal treatment on media-
tors, and although these studies
demonstrate improvement in clinical
measures of periodontitis in chronic
periodontitis patients irrespective of
diabetes status, there is no consen-
sus with respect to post-treatment
changes in mediators. Also, in an
experimental gingivitis model, IL-1f
was elevated in a cohort of patients
with TIDM as compared to a healthy
control group after 7-21 days whilst
IL-1p levels increased later in the
control group (14-21 days) (Salvi
et al. 2010). Also, MMP-9 levels were
elevated in experimental gingivitis at
7-14 days in TIDM patients as com-
pared to healthy controls (Salvi et al.
2010).

A limited number of studies have
investigated the role of adipokines in
periodontal disease and diabetes.
One study found no effect of T2DM
on serum leptin and adiponectin in
chronic periodontitis (Kardesler et al.
2010b). In another study, serum
adiponectin was elevated in TIDM
patients with chronic periodontitis as
compared to systemically healthy
patients with periodontitis (Lalla
et al. 2006). There has only been a
single study of resistin in diabetes
patients with periodontitis but no
effect of T2DM was revealed (Hiro-
shima et al. 2012a). Visfatin (pre-B-
cell colony enhancing factor) has also
been assessed in a single study which
suggested a possible association

© 2013 European Federation of Periodontology and American Academy of Periodontology
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between visfatin and T2DM in
chronic periodontitis patients (Pra-
deep et al. 2012).

In summary, there is good evi-
dence for elevated IL-1p, IL-6 and
RANKL/OPG ratios in patients
with diabetes and periodontitis as
compared to patients with periodon-
titis alone as well as a quantitative
relationship between these cytokines
and glycaemic control. The majority
of studies relate to T2DM but
changes in IL-1§ may be important
in TIDM also. Substantial evidence
from animal studies supports a role
for TNF-a in periodontitis in animal
models of diabetes (both TIDM and
T2DM) but evidence from clinical
studies of TNF-« is inconclusive.

Immune cell function

There is evidence that monocytes
from patients with TIDM have a
hyper-inflammatory phenotype and
the finding that these cells respond
to LPS from periodontal bacteria to
produce significantly higher levels of
IL-18, TNF-a and PGE, than cells
from patients without diabetes has
led to the suggestion that this might
be one pathway relevant to peri-
odontal pathogenesis in diabetes
(Salvi et al. 1997a,b). However, these
findings were not corroborated in
studies of whole blood cell cultures
from TIDM patients with aggressive
periodontitis (Araya et al. 2003).
The role of neutrophils in the path-
ogenesis of periodontitis in diabetic
patients has been analysed directly
using numerous assays of neutrophil
function. Although the dogma is that
neutrophil function in periodontitis
and diabetes is defective, the evidence
obtained has been variable likely due
to the variety of assays employed and
the technical challenges in quantifying
neutrophil function ex vivo (Engebret-
son et al. 2006, Chapple & Matthews
2007). Also, these studies have without
exception investigated the activity of
peripheral and not gingival neutroph-
ils. Importantly, levels of the neutro-
phil-derived enzyme f-glucuronidase
and the neutrophil chemotactic factor
IL-8 are depressed in chronic peri-
odontitis patients with T2DM as com-
pared to systemically healthy chronic
periodontitis patients which might
suggest compromised gingival neutro-
phil-mediated immune responses in
diabetes (Engebretson et al. 2006).



S126  Taylor et al.

However, other studies of IL-8 expres-
sion in gingival tissue and in GCF did
not replicate these findings (Duarte
et al. 2007a, Ross et al. 2010, Salvi
et al. 2010). Studies in diabetic rats
have provided evidence of compro-
mised gingival neutrophil function in
vivo and in vitro (Ramamurthy et al.
1979, Golub et al. 1982) and studies in
diabetic mice also suggest changes in
gingival neutrophil function (Gyurko
et al. 2006, Sima et al. 2010).

Recent evidence suggests that
T-cells, which accumulate in insulin
sensitive tissues, are important in
metabolic disturbances associated
with obesity and diabetes, possibly
through their ability to regulate mac-
rophage function (Feuerer et al.
2009, Ilan et al. 2010). T-cell subsets
are diverse and plastic and their
function is determined by the local
cytokine milieu. However, although
there is a substantial role for altered
balance of Thl1/Th2 cells in the
pathogenesis and progression of
periodontitis, there is no direct infor-
mation about the role of specific
T-cell subsets in periodontitis in
patients with diabetes. Significantly,
Th17 and Thl cells have a role in
regulation of bone resorption and
are a source of cytokines such as
RANKL and IL-17, which are ele-
vated in periodontitis patients with
diabetes (Santos et al. 2010a, b, Vie-
ira Ribeiro et al. 2011); the role of
these T-cell subsets in periodontal
pathogenesis in diabetic patients is
therefore worthy of investigation. In
this regard, there is preliminary evi-
dence for an association between
glycaemic control and IL-4 (Thl
cytokine) and IL-17 levels in GCF
from periodontitis patients with dia-
betes (Santos et al. 2010b, Vieira
Ribeiro et al. 2011) and an immuno-
histochemical study recently pro-
vided evidence for elevated Thl7
and T, cells in patients with poorly
controlled T2DM and periodontitis
as compared to patients with peri-
odontitis alone (Duarte et al. 2011).

In summary, evidence for a role of
altered monocyte and T-cell function
in diabetic patients with periodontitis
is limited. Clinical and animal model
studies provide some evidence for
aberrant neutrophil function in
diabetes and periodontitis, but the
complexity of neutrophil functions
and the diversity of experimental
approaches make identification of

precise functional changes and their
relationship to pathogenesis difficult.

Hyperglycaemia and cellular stress

The enhanced susceptibility to peri-
odontal disease in diabetes appears
to be primarily driven by an altered
host response to the bacterial chal-
lenge. A key precipitating factor is
the hyperglycaemia that character-
izes diabetes, which can affect the
periodontium in a manner similar to
its well-described effects on several
other organs. Indeed, hyperglyca-
emia has been shown to contribute
to the development and progression
of other diabetic complications by
exerting stress on multiple cell types
critical to the pathogenesis of these
complications (Brownlee et al. 1988).

In the setting of diabetes-associ-
ated periodontitis, it was proposed
early on that impairment of neutro-
phil adherence, chemotaxis and
phagocytosis may facilitate bacterial
persistence and increase periodontal
destruction (Manouchehr-Pour et al.
1981a,b). A more recent study
showed a positive correlation between
severity of periodontitis and level of
glycaemic control, and demonstrated
neutrophil priming in moderately and
poorly controlled diabetic patients,
caused by increased levels and activity
of protein kinase C (Karima et al.
2005). Again, as suggested from the
evidence reviewed in the section
above, it appears that distinct aspects
of neutrophil function may be differ-
entially affected in diabetes.

In addition, hyperglycaemia may
lead to oxidative stress via a number
of pathways with subsequent effects
on inflammatory responses, but their
role in periodontal pathogenesis
remains largely obscure (Graves &
Kayal 2008). For example, it is known
that reactive oxygen species stimulate
pro-inflammatory cytokine production
through activation of intracellular sig-
nalling pathways such as MAP kinase,
NF-xkB and the NALP3 inflamma-
some (Graves & Kayal 2008, Marti-
non 2010). Reactive oxygen species
also have more wide ranging effects
including effects on bone formation
and recently revealed pathways involv-
ing the interaction of reactive oxygen
species, Wnt signalling and activation
of FoxO transcription factors in the
regulation of osteoblast activity sug-
gest another novel pathway which

may link periodontitis and diabetes
(Almeida et al. 2011, Galli et al
2011). Hyperleptinaemia, a condition
also associated with diabetes and obes-
ity, can also promote oxidative stress
which may exacerbate the effect of hy-
perglycaemia in promoting a pro-
inflammatory state (Bullon et al.
2009).

Finally, a priming effect on mono-
cytes, key cells in the hyper-inflam-
matory cytokine response described
above, has been documented in a
number of studies (Yalda et al. 1994,
Salvi et al. 1997a,c). Effects on other
relevant cell types have also been
reported, such as decreased collagen
production and increased collageno-
lytic activity by gingival and peri-
odontal ligament fibroblasts
(Ramamurthy & Golub 1983, Sasaki
et al. 1992, Yu et al. 2012) and a
hyper-inflammatory response by oral
epithelial cells (Amir et al. 2011).

In summary, the hyperglycaemic
state in diabetes has a number of
effects on cellular function relevant
to the pathogenesis of periodontitis,
but the relative contribution of these
individual observations remains to
be fully determined.

Hyperglycaemia, advanced glycation end-
products (AGEs) and their receptor RAGE

Hyperglycaemia has both acute and
chronic effects. An important chronic
effect involves the irreversible non-
enzymatic glycation of proteins and
lipids leading to the formation of
AGEs. AGEs can lead to cellular
stress by exerting pro-inflammatory/
oxidant effects directly, or through
interaction with cell-surface recep-
tors. Expression of AGEs, along with
markers of oxidant stress, was
demonstrated for the first time in
gingival tissues of diabetic patients
with periodontitis by Schmidt and
colleagues (Schmidt et al. 1996). Sub-
sequently, AGE proteins were found
in saliva of diabetic patients and
were linked to dental plaque levels
(Yoon et al. 2004), and AGE levels
in serum were shown to be signifi-
cantly associated with the extent of
periodontitis in type 2 individuals
(Takeda et al. 2006).

The first attempt to explore the
most proximal changes induced in the
periodontium by diabetes, focused on
the role of the receptor for advanced
glycation end-products (RAGE) (Lalla
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et al. 1998b, 2000a). RAGE is a multi-
ligand signalling receptor and member
of the immunoglobulin superfamily of
cell-surface molecules (Schmidt et al.
1992). RAGE expression is increased
in diabetes and its activation through
ligand interaction has an established
role in the development and progres-
sion of other diabetic complications
(Yan et al. 2009). In a model of oral
infection and diabetes in mice, P. gin-
givalis-induced alveolar bone loss was
increased in diabetic animals com-
pared to non-diabetic controls and
was accompanied by enhanced expres-
sion of RAGE, inflammatory AGEs
and tissue destructive MMPs in the
gingival tissues (Lalla et al. 1998a).
Further, treatment with soluble
RAGE (sRAGE), the extracellular
ligand-binding domain of RAGE
which antagonizes interaction of
ligands with the whole receptor,
decreased levels of TNF-o, IL-6 and
MMPs in gingival tissues and sup-
pressed alveolar bone loss in a dose-
dependent manner in diabetic animals
(Lalla et al. 2000b). Importantly, the
beneficial effects of RAGE blockade
were paralleled by suppressed expres-
sion of the receptor and its ligands in
gingival tissues and were independent
of the level of glycaemia. Increased
RAGE expression was subsequently
reported in other experimental models
of diabetes-associated periodontitis
(Chang et al. 2012a,b, Claudino et al.
2012) and in gingival tissues of dia-
betic individuals with periodontitis,
and its expression was correlated to
that of NF-kB (Katz et al. 2005, Ab-
bass et al. 2012, Yu et al. 2012). These
findings demonstrated that AGE-
RAGE interaction may lead to the
exaggerated inflammatory response
and periodontal tissue destruction seen
in diabetes.

Importantly, and as shown in
studies of excisional wounds in dia-
betic mice, RAGE may contribute to
impaired repair following destruc-
tion, as inhibition of RAGE signal-
ling enhanced the rate of wound
closure and repair and down-regu-
lated MMP activity (Goova et al.,
2001). The contribution of RAGE
and its interaction with the AGE
ligand carboxymethyllysine (CML)-
albumin have been reported in
delayed bone healing (in the absence
of infection) using osteoblast cul-
tures and craniotomy defects in mice
(Santana et al. 2003). Using the
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same experimental approach, the
apoptotic effect of CML-collagen on
osteoblasts was shown to be medi-
ated through RAGE. Increased p38,
JNK, caspase 3 and caspase 8 activ-
ity were all involved in the process
(Alikhani et al. 2007).

AGEs can also interact with toll-
like receptors. Increased expression
of TLR2, TLR4 and TLRY in gingi-
val tissues of periodontitis patients
with diabetes was observed by
immunofluorescence when compared
to periodontitis subjects without dia-
betes (Rojo-Botello et al. 2012).
TLR4 has been shown to have simi-
lar pro-inflammatory responses to
RAGE in diabetes (Veloso et al.
2011), and the role of TLRs in dia-
betes-associated periodontitis war-
rants further investigation.

Taken together, hyperglycaemia in
diabetes drives the irreversible forma-
tion of AGEs that can have direct
pro-inflammatory and pro-oxidant
effects on cells. Importantly, when
AGEs bind to their signalling receptor
RAGE, cellular phenotype and func-
tion are critically impacted, and
enhanced inflammation, oxidative
stress [both of which can further drive
AGE formation (Anderson et al. 1999,
Giacco & Brownlee 2010)] and
impaired tissue repair ensues. Peri-
odontal infection further potentiates
this vicious cycle in the susceptible dia-
betic host leading to accelerated and
more severe periodontal destruction.

Hyperglycaemia and alveolar bone
homeostasis

A number of studies focusing on
osteoclastogenesis-related factors have
reported elevated levels of RANKL in
diabetes-associated periodontal tissues
(Mahamed et al. 2005, Duarte et al.
2007b, Lappin et al. 2009). Studies in
gingival crevicular fluid demonstrated
that RANKL and the RANKL to
OPG ratio are higher in poorly con-
trolled diabetic patients with peri-
odontitis compared to well-controlled
or non-diabetic subjects with similar
periodontal status (Santos et al.
2010a, Vieira Ribeiro et al. 2011).
These studies have proposed that hy-
perglycaemia may modulate the
RANKL/OPG ratio in periodontal
tissues and this would, at least in part,
explain enhanced alveolar bone
destruction in diabetes. Interestingly,
the AGE-RAGE axis has also been
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suggested to contribute to osteoclasto-
genesis via increased RANKL expres-
sion and OPG down-regulation in
various cell types (Ding et al. 2006,
Yoshida et al. 2009).

Studies of P. gingivalis inoculation
using the calvarial defect or the liga-
ture-induced alveolar bone loss mod-
els in rodents suggested that diabetes
may impair bone formation following
resorption through increased apopto-
sis of bone-lining cells (He et al. 2004,
Liu et al. 2006b). In the calvarial
model, diabetic mice also displayed
increased fibroblast apoptosis follow-
ing P. gingivalis injury (Liu et al.
2004). The higher rate of fibroblast
apoptosis could be explained by
enhanced levels of activated caspase-3
and  healing was  significantly
improved by a caspase inhibitor (Al-
Mashat et al. 2006) or by anti-TNF-«
treatment (Liu et al. 2006a). These
results were confirmed in diabetic
mice using intraoral wounds where, in
addition, increased translocation of
the pro-apoptotic transcription factor
FoxO1 was found (Desta et al. 2010,
Siqueira et al. 2010). More recently,
TNF-« inhibition in diabetic rats with
ligature-induced periodontitis ~ was
shown to restore the bone coupling
process, reduce apoptosis and increase
the proliferation of bone-lining cells
and therefore the capacity of the ani-
mals to form new bone (Pacios et al.
2012). In this study, impaired expres-
sion of growth factors that control
proliferation, differentiation or apop-
tosis of osteoblasts and their precur-
sors was seen. Also, enhancement of
gingival IL-17, IL-23 and RANKL/
OPG ratios in periodontitis in murine
T1DM has been reported (Silva et al.
2012a,b); these cytokines influence os-
teoclastogenesis and the duration of
inflammatory responses.

In summary, evidence from clinical
studies of mediators of bone resorp-
tion (e.g. RANKL/OPG) as well as
relevant animal models strongly sug-
gest that altered alveolar bone homeo-
stasis is an important pathway in the
pathogenesis of periodontitis in diabe-
tes and there is evidence that this
pathway may be important in both
T1DM and T2DM.

The impact of periodontal disease on
diabetes

Most of the published literature that
has investigated the mechanistic links
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between periodontal disease and
diabetes has focused on the impact of
diabetes on periodontal pathogenesis;
there is relatively little mechanistic evi-
dence available regarding the potential
impact of periodontitis on the disease
processes of diabetes. Most studies
have been clinical investigations which
do appear to clearly show an impact
of periodontal inflammation on the
diabetic state and/or diabetes compli-
cations. For example, periodontitis
has been associated with poorer gly-
caemic control in people with diabetes
(Taylor et al. 1996), increased risk of
diabetic complications (Saremi et al.
2005, Shultis et al. 2007) and increases
in HbAlc in people without diabetes
(potentially suggesting that periodon-
titis may increase incident diabetes)
(Demmer et al. 2010). There is also
evidence from recent systematic
reviews that treatment of periodontitis
is associated with improved glycaemic
control and reductions in HbAlc of
around 0.4% (Simpson et al. 2010).
The presumption is that resolution of
periodontal inflammation following
therapy results in reduced levels of
inflammatory mediators locally, and
therefore reduced levels of these medi-
ators in the circulation. Key mediators
in this process could be IL-6 and
TNF-o, which are inducers of acute
phase proteins such as CRP, and both
have been shown to impair intracellu-
lar insulin signalling (Hotamisligil
2000, Rotter et al. 2003). Reductions
in the levels of these mediators as a
result of periodontal treatment could
theoretically, therefore, lead to
improved diabetes control. However,
these hypotheses remain to be for-
mally tested. The few mechanistic
studies that were identified that inves-
tigated the impact of periodontitis on
diabetes (both microbial and inflam-
matory factors) are considered in the
following sections.

Microbial factors

Whereas the question as to whether
the diabetic state influences the peri-
odontal microbiota (as reviewed ear-
lier in this Supplement article) has
received much attention, the converse
question, that is, whether the peri-
odontal microbiota has any direct
impact on diabetes or glycaemic con-
trol, has barely been addressed.

One study of 30 Japanese adults
with chronic periodontitis and type 2

diabetes considered this issue (Maki-
ura et al. 2008). All patients received
non-surgical periodontal therapy, and
subgingival plaque samples were col-
lected at baseline and up to 12 months
following therapy. It was observed
that post-treatment, P. gingivalis was
detected more frequently in those who
had increased HbAlc values com-
pared to those with decreased values
relative to baseline, and more specifi-
cally, P. gingivalis with type II fimb-
riae was detected only in patients with
an increase in HbAlc. The authors
postulated that glycaemic control in
patients with periodontitis and diabe-
tes is potentially influenced by the per-
sistence of P. gingivalis, particularly
clones with type II fimbriae, following
treatment (Makiura et al. 2008). It has
also been reported in in vitro studies
that cytokine induction (specifically
IL-1p, IL-8, IL-12 and TNF-x) by P.
gingivalis with type II fimbriae is
greater than that induced by P. gingi-
valis with type 1 fimbriae (Sugano
et al. 2004), and in animal studies that
P. gingivalis inoculation can lead to
elevated serum levels of TNF-a and
IL-6 (Nishihara et al. 2009). Clearly,
more research is required, integrating
both microbial assessment and analy-
sis of serum cytokine levels. At the
present time, however, there is no
strong evidence to suggest that the
periodontal microbiota has any direct
impact on the diabetic state or on gly-
caemic control.

Inflammatory factors

Chronic dysregulation of the periph-
eral cytokine pool is a feature of pre-
diabetic conditions as well as both
TIDM and T2DM and is now con-
sidered a central pathogenic factor in
diabetes (Kolb & Mandrup-Poulsen
2010). Therefore, it is certainly possi-
ble that periodontal inflammation
may impact upon the diabetic state.
It is known that circulating mediators
(CRP, TNF-o and IL-6) may be ele-
vated in periodontal diseases and cor-
related with clinical periodontal
parameters (Bretz et al. 2005, Enge-
bretson et al. 2007, Paraskevas et al.
2008). Nevertheless, in cross-sectional
studies, a lack of elevation of serum
TNF-¢ and CRP in T2DM patients
with periodontitis as compared to
controls is a consistent finding (Take-
da et al. 2006, Dag et al. 2009, Chen
et al. 2010, Kardesler et al. 2010b).

Longitudinal studies may be more
revealing, for example, increases in
HbAc levels over a 5 year period in
patients with periodontitis were high-
est in individuals with high levels of
CRP suggesting an interaction
between periodontitis and systemic
inflammation (Demmer et al. 2010).

Oxidative stress is inextricably
linked with chronic inflammation
(Chapple et al. 1996, Graves &

Kayal 2008). Biochemical markers of
systemic oxidative stress are elevated
in both diabetes and periodontitis
(Bullon et al. 2009) and are posi-
tively correlated with CRP in peri-
odontitis patients as compared to
healthy controls (D’Aiuto et al.
2010). It has been proposed that
hyperactive  neutrophils, possibly
activated in the periodontium, may
be an important source of reactive
oxygen species which lead to an acti-
vation of pro-inflammatory path-
ways and promote insulin resistance
in patients with periodontitis and
diabetes (Allen et al. 2011).

Increased oxidative stress may
also result in elevated lipid peroxida-
tion which in turn may have a pro-
inflammatory effect; a recent study
has demonstrated higher levels of
GCF markers of lipid peroxidation
in diabetes patients which correlated
with clinical parameters of periodon-
titis and levels of inflammatory
mediators (Bastos et al. 2012).

In summary, there is little evi-
dence for a role of changes in the cir-
culating levels of inflammatory
mediators (CRP, TNF-o and IL-6) in
patients with co-existing periodontitis
and diabetes but more research is
needed to investigate this further.
Oxidative stress in diabetes may acti-
vate pro-inflammatory pathways in
the periodontium which could influ-
ence diabetes, but there is, as yet, lit-
tle direct evidence for this.

Summary and future directions

To date, most models proposed to
explain the clinical and pathogenic rela-
tionships between diabetes and peri-
odontal disease have supported the
concept of a “2-way’ interaction
between these disorders (Grossi & Gen-
co 1998, Mealey & Oates 2006, Sant-
acroce et al. 2010, Lalla & Papapanou
2011, Preshaw et al. 2012). These mod-
els have provided a role for pro-inflam-
matory mediators (cytokines, AGEs,

© 2013 European Federation of Periodontology and American Academy of Periodontology



oxidative stress, etc.) in determining
periodontal disease susceptibility and
progression in subjects with diabetes by
leading directly to inflammation in cen-
tral and peripheral tissues and indirectly
to compromised immune cell function
and tissue homeostasis and hence
increased susceptibility to periodontal
destruction.

However, most investigations to
date have been small-scale clinical
studies which have focused on a lim-
ited number of mediators and many
are inconclusive because of limita-
tions in study design. Nevertheless,
there are promising data on certain
mediators such as IL-1f, IL-6, TNF-
o and emerging data on RANKL
and OPG; these are likely to have a
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(Fig. 1). A major challenge will be
to gain a holistic understanding of
the role of the numerous molecules
with action relevant to disease path-
ogenesis. Complex  interactions
between individual mediators and
emergent pathways, for example,
synergy in cytokine signalling, will
not be apparent from simple disease
association studies of a limited num-
ber of molecules (Preshaw & Taylor
2011). However, we have not yet
exploited the power of multiplex
analysis of mediators or indeed glo-
bal molecular analysis (e.g. proteo-
mics) to address these issues.
Diabetes is the pathological conse-
quence of a number of physiological
changes and the resulting metabolic
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impact on tissue integrity and repair
(Fig. 1). Although there is now con-
siderable data on the relationship of
these processes to periodontitis (Bul-
lon et al. 2009), we are not yet able to
bring this together in a unified view of
cross-susceptibility between periodon-
titis, diabetes and diabetes-associated
disorders such as obesity. Schematics
such as that presented in Fig. 1 pro-
vide a helpful perspective, but need
further supportive evidence. For
example our understanding of the rela-
tionship, if any, of dyslipidaemia and
adipokines to periodontal disease is
insubstantial. There is a need for clini-
cal-based studies of molecular and cel-
lular mediators which underpin
susceptibility to periodontitis, possibly

central role in the pathogenesis of
periodontitis in diabetic patients

dysregulation, hyperglycaemia and
chronic inflammation  potentially

via prospective studies of periodontal
disease in these susceptibility groups

Diabetes

Hyperglycemia

[ RANKL/OPG axis ]<—[ AGE/RAGE axis Oxidative stress ]

>/_—LF\/H@%

Adiposity
& dyslipidemia

Ecological
shift in
subgingival
biofilm

Immune dysfunction, cellular stress &
cytokine imbalance (4 TNFa, IL-6, IL-1)

~ -
—_———— -
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tissue destruction tissue repair

Periodontitis

N
N 7

Fig. 1. Network of potential mechanisms involved in the pathogenesis of periodontitis in diabetes. The hyperglycaemic state that
characterizes diabetes has several deleterious effects. It drives the formation of irreversible advanced glycation end-products (AGEs)
and the expression of their chief signalling receptor RAGE. This interaction, in turn, leads to immune cell dysfunction, alters phe-
notype and function of other key cells in the periodontium, and contributes to cytokine imbalance with increased generation of cer-
tain pro-inflammatory cytokines. Hyperglycaemia also contributes to enhanced levels of reactive oxygen species (ROS) and a state
of oxidative stress, both directly and indirectly through the AGE/RAGE axis, promoting quantitative and qualitative shifts in cyto-
kine profiles. Finally, hyperglycaemia modulates the RANKL/OPG ratio, again directly and indirectly via the AGE/RAGE axis,
tipping the balance towards enhanced inflammation and destruction. All the above, complemented by the effects of ecological shifts
in the subgingival biofilm and the circulating adipokines generated due to diabetes-associated adiposity and dyslipidaemia, drive this
vicious cycle of cellular dysfunction and inflammation. The end result is a loss of equilibrium where enhanced periodontal tissue
destruction and impaired repair ensue, leading to accelerated and severe periodontitis. Importantly, as shown, several of the associa-
tions between the different elements in the figure are bidirectional, for example, the pro-inflammatory state further feeds the genera-
tion of AGEs, ROS, and adipokines, increases the RANKL/OPG ratio and helps pathogenic subgingival bacteria thrive. It is also
important to note that a) the amount and quality of evidence supporting the various pathways in this figure varies, and b) although
the goal is to depict the major mechanisms and networks described in the literature, other pathways and links among the various
elements shown do exist, but cannot easily be demonstrated in a single schematic. Finally, the processes outlined are potentially
modified by several other factors, such as genetics, age, smoking, stress, all of which may contribute significantly to inter-individual
variations in disease experience.
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(Genco et al. 2005, Pischon et al.
2007).

Animal models have the advan-
tage of being able to combine analy-
sis at the molecular, cellular and
anatomical level and allow for longi-
tudinal observations. To fully appre-
ciate the significance of such model
work, it will be important to inte-
grate experimental findings with clin-
ical studies.

Inter-individual differences in dis-
ease experience are another important
dimension to a full understanding of
these associations; a number of
important correlations between clini-
cal and biological parameters have
emerged from cross-sectional clinical
studies, but there have been few bio-
logical studies to endorse the rele-
vance of these findings.

A shared genetic susceptibility
has been considered one possible
contributing factor to the alternative
model of cross-susceptibility between
periodontitis and diabetes although
there is no substantial evidence to
support this notion either (Soskolne
& Klinger 2001, Preshaw et al.
2007). This is important because the
considerable inter-individual varia-
tion in disease experience observed
clinically is likely influenced by
numerous genetic, epigenetic and
environmental  factors  (Preshaw
et al. 2007, 2012).

In summary, more research is
needed to reinforce extant informa-
tion on the importance of the limited
number of factors studied to date
and provide data on additional,
potentially relevant mediators. The
rubric for such research should shift
from cross-sectional clinical studies
to longitudinal studies of disease
progression and treatment effects,
integrated with in vitro analyses of
cellular responses and holistic studies
using animal models. The conclu-
sions of this review suggest that
more detailed studies of TNF-«, IL-
18, IL-6, RANKL and OPG are all
warranted, integrated with studies of
pro-inflammatory  pathways acti-
vated by AGE/RAGE and possibly
oxidative stress particularly in the
context of bone and tissue turnover
and repair. Delineating the role of
the cellular elements of inflamma-
tion, for example, monocytes/macro-
phage, neutrophils and T-cells is
more challenging but equally impor-
tant. The appropriate design of

future studies is critical for a more
definitive understanding of the com-
plex processes involved.
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Clinical Relevance

Scientific rationale for the study: The
purpose was to review the evidence
for the pathogenic processes which
underpin the clinical relationship
between periodontitis and diabetes.
Principal findings: Cytokines such
as IL-1p, 1L-6, TNF-o, OPG and

RANKL and the AGE-RAGE axis
are likely to be important in tissue
destruction and compromised repair
in these disorders but our knowledge
is incomplete.

Practical implications: The develop-
ment of appropriate treatment strat-
egies for periodontitis in patients

with diabetes relies on knowledge
of the pathogenesis, but there is a
need for substantial longitudinal
clinical studies integrated with
studies of animal models and cells/
tissues in vitro.
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