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Abstract 

Periodontitis	 is	 a	 chronic	 in.lammatory	 disease	 characterized	 by	 the	 progressive	 de-
struction	of	the	tooth-supporting	tissues	and	is	also	markedly	affected	by	systemic	con-
ditions,	especially	diabetes	mellitus.	In	diabetic	patients,	hyperglycemia	leads	to	the	for-
mation	and	accumulation	of	advanced	glycation	end	products	in	periodontal	tissues.	The	
binding	of	these	products	with	their	cellular	receptor	activates	a	proin.lammatory	sig-
naling	cascade,	increases	oxidative	stress,	and	interferes	with	immune	regulation.	These	
mechanisms	lead	to	enhanced	periodontal	in.lammation,	delayed	healing,	and	increased	
alveolar	bone	loss.	This	review	highlights	evidence	of	the	molecular,	in.lammatory,	and	
microbial	actions	of	advanced	glycation	end	products	in	the	pathogenesis	of	diabetes-
associated	periodontitis	and	their	potential	application	in	the	diagnosis	and	treatment	of	
periodontal	disease	in	patients	with	diabetes.	 
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Introduc)on 
Periodon@@s (PD) is a mul@factorial chronic in-
flammatory disease affec@ng the gingiva, peri-
odontal ligament, cementum, and alveolar 
bone and is one of the major causes of tooth 
loss around the globe. PD is caused by a dysbi-
o@c subgingival biofilm, and while ini@ated by 
bacteria, the host immune-inflammatory re-
sponse determines the severity and progres-
sion of @ssue destruc@on and is greatly im-
pacted by systemic diseases like diabetes 
mellitus (DM) [1]. Epidemiological and clinical 
studies persistently show that pa@ents with 
diabetes exhibit a higher prevalence, greater 
severity, and more rapid progression com-
pared with non-diabe@c individuals [2,3]. DM 
occurs due to chronic hyperglycemia because 
of improper insulin secre@on or ac@on. 

Prolonged hyperglycemia leads to oxida@ve 
stress, immunologic abnormali@es, and low-
grade chronic inflamma@on, which make peri-
odontal @ssues more vulnerable to destruc-
@on. Increased forma@on and deposi@on of 
advanced glyca@on end products (AGEs) ap-
pear to be a key pathogenic pathway among 
the molecular mechanisms connec@ng DM 
with periodontal disease [3]. AGEs are hetero-
geneous compounds induced by non-enzy-
ma@c reac@ons of reducing sugars with pro-
teins, lipids, or nucleic acids; their forma@on is 
vastly accelerated by hyperglycemic condi-
@ons. In pa@ents with diabetes-associated PD, 
increased levels of AGEs have been found in 
periodontal @ssues and body fluids [4]. The bi-
ological ac@on occurs through their ac@on on 
the receptor for advanced glyca@on end 

products (RAGE), expressed on many different 
cell types found within periodontal @ssues 
such as epithelial cells, fibroblasts, endothelial 
cells, and immune cells [5]. The AGE–RAGE 
axis ac@va@on induces intracellular signal 
transduc@on pathways, especially nuclear fac-
tor kappa B (NF-Κb), causing an enhanced re-
lease of pro-inflammatory cytokines and oxi-
da@ve stress [6]. The aim of this review was to 
assess the contribu@on of AGEs in PD associ-
ated with DM.	
 
Material and Methods 
A comprehensive analysis of the electronic lit-
erature was carried out using the databases 
Google Scholar, Web of Science, and PubMed. 
Only studies published since 2020 were eligi-
ble for inclusion. The search strategy 
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consisted of the following combina@ons: 
AGEs, periodon@@s, diabe@c periodon@@s, di-
abetes mellitus, RAGE, methylglyoxal, and in-
flamma@on. Search results were narrowed us-
ing Boolean operators. The first search re-
sulted in 94 records, with 63 studies mee@ng 
the eligibility criteria aeer the @tle, abstract, 
and full-text screening. 
 
Inclusion Criteria 
This review included studies that were pub-
lished between 2020 and 2024 in English and 
were original research ar@cles, systema@c re-
views, narra@ve reviews, or case-control stud-
ies that inves@gated AGE–RAGE signaling or 
other inflammatory mechanisms in periodon-
@@s associated with diabetes mellitus. 
 
Exclusion Criteria 
Studies published before 2020, not wrifen in 
English, conference abstracts, editorials, let-
ters to the editor, animal-only studies, and ar-
@cles not specifically addressing the rela@on-
ship between advanced glyca@on end prod-
ucts, periodon@@s, and diabetes mellitus were 
excluded (Figure 1).	
	
Periodontal Disease 
Periodontal disease is a condi@on that affects 
the @ssues that surround and support the 
teeth and includes a broad group of inflamma-
tory diseases that cause PD [7]. Among these 
diseases, gingivi@s, the mildest form, is re-
versible with improved oral care, but in the 
absence of early interven@on, gingivi@s pro-
gresses to PD, a chronic and irreversible in-
flammatory condi@on, with clinical signs of in-
flamma@on, such as bleeding on probing 
(BOP), gingival recession, and periodontal 
pocket development. There are several risk 
factors that influence these diseases, which 
are categorized as modifiable risk factors, e.g., 
smoking, or non-modifiable risk factors, e.g., 
gene@c disorders [8]. Nevertheless, some of 
the signs of inflamma@on, such as BOP, are re-
duced in smokers compared to non-smokers 
[9]. For instance, many virulence factors of 
periodontopathic microbes including lipopol-
ysaccharide, are s@mulants of inflammatory 
responses from gingival @ssues [10]. 
	
Periodon;;s 
Periodon@@s is a chronic mul@factorial inflam-
matory disease ini@ated by a dysbio@c subgin-
gival biofilm but driven primarily by an inap-
propriate host immune response [11]. Con@n-
ued s@mula@on of innate and adap@ve im-
mune pathways culminates in excessive se-
cre@on of pro-inflammatory cytokines, matrix 
metalloproteinases (MMPs), and reac@ve 

oxygen species (ROS) that causes progressive 
loss of the ligament of the teeth and the alve-
olar bone [12]. PD is clinically defined by gingi-
val inflamma@on, BOP, periodontal pocket 
depth, clinical afachment loss (CAL), and radi-
ographic evidence of alveolar bone loss [13]. 
The 2017 World Workshop classifica@on of 
PD categorizes it according to extent and se-
verity. PD is classified based on severity as lo-
calized (≤30% of teeth involved) or general-
ized (>30% of teeth affected). Severity is 
staged based on the amount of interdental 
CAL and radiographic bone loss. Stage I and 
Stage II have been defined as having interden-
tal CAL of 1–2 mm and radiographic bone loss 
of less than 15% and CAL of 3–4 mm and bone 
loss of between 15% and 33%, respec@vely; 
Stage III has CAL greater than 5 mm and radi-
ographic bone loss extending to the middle 
third of the root, while Stage IV has CAL of ≥5 
mm, radiographic bone loss beyond the mid-
dle third of the root, and loss of five or more 
teeth due to PD [14,15]. 
Certain modifying factors have been described 
to influence the severity and progression of 
disease, including poor oral hygiene, smoking, 
gene@c predisposi@on, and systemic diseases, 
such as DM [16]. In addi@on to its local de-
struc@ve effects, PD adds to systemic inflam-
matory burden, and studies have demonstra-
@vely linked PD to systemic diseases, most 
notably DM and cardiovascular disease, estab-
lishing PD as an oral and systemic inflamma-
tory disease [17]. Pathologically, PD repre-
sents a failure of homeostasis between the 
subgingival microbiota and the host defense 
system. PD is now described as a dysbiosis-as-
sociated condi@on, not the result of specific 
pathogens alone, but rather, a state of al-
tered biofilm composi@on and metabolic ac-
@vity that creates a sustained inflammatory 
milieu. The dysbio@c environment is condu-
cive to keystone pathogens that can modulate 
host immune responses, impair bacterial 
clearance, and ensure chronic inflamma@on 
[18]. Reduced resolu@on of inflamma@on is a 
hallmark of PD. Physiologically, inflamma@on 
associated with PD is conserva@vely regu-
lated, mediated by specialized pro-resolving 
mediators [19]. Execu@ng these pathways, 
however, leads to immune infiltra@on in @s-
sues, and, common in PD, the resolu@on path-
ways are impaired. This could lead immune 
cells to stay longer in the @ssues, causing @s-
sue-destruc@ve mediators to be released con-
@nuously. Such an ongoing dysregulated in-
flammatory response con@nues destruc@on of 
connec@ve @ssue and resorp@on of alveolar 
bone, even in the absence of further microbial 
challenges [20]. 

Interindividual variability is evident in clinical 
presenta@on and rate of progression in PD. 
Disease suscep@bility and progression are ul@-
mately dictated by host-related factors, in-
cluding immune responsiveness, gene@c poly-
morphisms, and the epigene@c regula@on of 
inflammatory processes [21]. These biological 
differences explain why different clinical out-
comes result from similar microbial challenges 
and form the biological underpinnings of dis-
ease grading within the present classifica@on 
framework. Together these processes under-
pin PD as a chronic immune-mediated inflam-
matory disease and offer a very strong mech-
anis@c basis for the associa@on of PD with 
other systemic inflammatory diseases such as 
DM [22]. 
 
Pathogenesis of Periodon;;s	
The oral microenvironment has a significant 
influence on the composi@on of the oral mi-
crobiome. Therefore, changes in the local en-
vironment can disturb the interac@ons in the 
oral communi@es and change the host–micro-
biome rela@onship from symbiosis to dysbio-
sis, rendering the host suscep@ble to perio-
dontal disease. In the presence of health, the 
microbial communi@es are in a balance 
driven, as described above, by compe@@on 
between species and regula@on by the host 
[23]. The inflamma@on and enlargement of 
soe @ssues because of gingivi@s creates the 
periodontal pockets, which have a decreased 
oxygen tension, crea@ng an anaerobic micro-
environment. Gingival bleeding releases @s-
sue breakdown products, plasma proteins, 
and hemoglobin, crea@ng an environment 
that makes it favorable for anaerobic Gram-
nega@ve proteoly@c bacteria to grow [24]. 
This in turn alters microbial homeostasis, lead-
ing to the overgrowth of species of the 
polymicrobial biofilm at the expense of other 
species. Such change propels the microbial 
community to a state of dysbiosis that corre-
lates remarkably with periodontal inflamma-
@on. Finally, and crucially, dysbiosis is not an 
epiphenomenon of inflamma@on but rather a 
precursor of addi@onal @ssue damage by 
maintaining a self-perpetua@ng feed-forward 
loop that facilitates disease progression [25]. 
It has been shown through longitudinal stud-
ies that the mere presence of bacterial 
buildup is both a necessary and an insufficient 
factor in the development of periodontal dis-
ease. Subsequently, it is the unbalanced im-
mune response of the host, leading to chronic, 
unregulated inflammatory mediators, which 
leads to the connec@ve @ssue destruc@on and 
alveolar bone loss associated with PD [26]. It 
is characterized by uncontrolled produc@on 
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of pro-inflammatory cytokines, dysregula@on 
of bone homeostasis, and progressive damage 
of periodontal suppor@ng structures [27]. Cy-
tokines are important signaling molecules in 
periodontal @ssues, as they represent media-
tors of host defense during periodontal de-
struc@on and regulators of periodontal home-
ostasis in the normal, healthy context. The 
role of several key cytokines in periodontal 
pathogenesis, such as tumor necrosis factor-
alpha (TNF-α), in addi@on to interleukins (ILs), 
including IL-1, IL-6, IL-7, IL-8, IL-11, IL-15, IL-17, 
IL-23, IL-34, and receptor ac@vator of NF-Κb 
ligand (RLANKL). High levels of TNF-α and IL-
1β in PD not only s@mulate osteoclastogene-
sis but also trigger a general inflammatory 
cascade that threatens the structure of perio-
dontal @ssues [28]. Chronic inflamma@on seen 
in PD represents ongoing immune dysfunc@on 
which exacerbates destruc@on of @ssues and 
inhibits mechanisms for repair while limi@ng 
bone forma@on. The processes become worse 
due to cytokines such as TNF-α, IL-1β, and IL-6 
that are pro-inflammatory in nature by dis-
rup@ng pathways of remodeling relevant for 
periodontal homeostasis. This con@nued ac-
@vity creates an unfavorable environment @lt-
ing the balance between bone forma@on and 
bone resorp@on from osteoblasts and osteo-
clasts, favoring the loss of bone over repair 
[29, 30]. 
 
Diabetes Mellitus 
Diabetes mellitus is a chronic metabolic dis-
ease characterized by chronic hyperglycemia 
due to lack of insulin secre@on, insulin ac@on, 
or both, and associated with widespread mi-
crovascular and macrovascular complica@ons 
[31]. Insulin resistance in peripheral @ssues 
and increasing pancrea@c β-cell dysfunc@on 
are the hallmarks of type 2 diabetes mellitus 
(T2DM), the most prevalent form of the dis-
ease. Severe cellular and metabolic disrup-
@ons brought on by persistent hyperglycemia 
are essen@al to the development of complica-
@ons and the advancement of the disease. 
The availability of excess glucose facilitates 
oxida@ve stress by increased produc@on of 
ROS, exacerbates derangements in immune 
regula@on, and promotes protein and lipid 
non-enzyma@c glyca@on, resul@ng in overpro-
duc@on and accumula@on of AGEs [32]. DM is 
being recognized as a chronic low-grade in-
flammatory disease in which con@nuous in-
creases in circula@ng levels of the pro-inflam-
matory cytokines, including TNFα, IL-1β, and 
IL-6, also play a major role in the pathogenesis 
of insulin resistance and metabolic disturb-
ances. Chronic hyperglycemia links the various 
pathogenic pathways at the molecular level, 
such as increased flux through the polyol and 

hexosamine pathways, ac@va@on of protein 
kinase C, and accelerated AGE forma@on [33]. 
When AGEs bind to RAGE, however, they trig-
ger intracellular signaling pathways, most no-
tably the NF-kB pathway, that result in sus-
tained transcrip@on of genes associated with 
adhesion molecules, inflammatory mediators, 
and oxida@ve stress. These pathways have a 
synergis@c effect resul@ng in the following: In-
ducing endothelial dysfunc@on; Impairing im-
mune cells func@oning; Aberrant @ssue repair 
Thus, sustaining a state of systemic inflamma-
@on s@mulates the stages of development of 
diabe@c complica@ons [34].  
	
Links Between Diabetes Mellitus and Perio-
don;;s 
Diabetes mellitus, a chronic disease character-
ized by high blood sugar levels, and PD, a 
chronic inflammatory disease caused primar-
ily by infec@on of the periodon@um @ssue, are 
interrelated diseases, in part due to common 
pathogenic mediators. Hyperglycemia causes 
oxida@ve stress associated with impaired neu-
trophil func@on, and dysregulated cytokine 
produc@on, which leads to impaired periodon-
tal immune surveillance and a mitochondrial 
dysfunc@on that enhances @ssue destruc@on 
[35]. Overproduc@on and deposi@on of AGEs 
are an important molecular bridge between 
DM and PD. These compounds are seques-
tered in periodontal @ssues and bind to RAGE 
expressed on epithelial cells, fibroblasts, en-
dothelial cells, osteoblasts, osteoclasts, and 
immune cells. AGE-RAGE signaling ac@vates 
NF-κB and subsequently increases expression 
of pro-inflammatory cytokines, including 
TNFα, IL-1β, and IL-6, thereby magnifying peri-
odontal inflamma@on and redescribing osteo-
clastogenesis [36]. Apart from their proinflam-
matory ac@on, AGEs contribute to the dysreg-
ula@on of bone metabolism in PD related to 
diabetes. Increased AGE-RAGE ac@va@on pro-
motes expression of RANKL and reduced ex-
pression of osteoprotegerin, resul@ng in an 
imbalance favoring osteoclast differen@a@on 
and ac@va@on. Such shie promotes alveolar 
bone resorp@on and subsequently aggravates 
periodontal bone loss. At the same @me AGE 
also hampers osteoblast differen@a@on and 
mineraliza@on, which aggravates the imbal-
ance between bone resorp@on and bone for-
ma@on [37]. 
Methylglyoxal (MGO) is a highly reac@ve dicar-
bonyl compound formed mainly as a glycoly@c 
by-product from the non-enzyma@c degrada-
@on of the triose phosphate intermediates 
glyceraldehyde-3-phosphate and dihydroxy-
acetone phosphate. The glyoxalase system de-
toxifies MGO effec@vely under physiological 

condi@ons, but metabolic stress and elevated 
glycoly@c ac@vity cause a drama@c increase in 
MGO produc@on, resul@ng in dicarbonyl stress 
and AGE accumula@on [38]. 
Upon comparison to the slower glyca@on that 
is mediated by glucose, it has been found that 
MGO reacts quickly with arginine and lysine 
on proteins, genera@ng extremely potent 
MGO-derived AGEs, including MGO-derived 
hydroimidazolone and Nε-carboxyethyl-lysine 
(CEL). These AGEs account for a considerable 
part of the @ssue AGE load, and because they 
are generated rapidly and are very reac@ve, 
they have greater biological ac@vity than glu-
cose-derived AGEs [39]. MGO-derived AGEs 
accumula@on have a profound effect on pro-
tein dysfunc@on, ac@ve impairment, and cellu-
lar signaling pathways. Moreover, AGEs from 
MGO are ligands for RAGE, thus triggering the 
downstream pro-inflammatory and oxida@ve 
stress pathway. Ac@va@on of the AGE–RAGE 
axis drives high levels of ROS produc@on and 
persistent NF-κB ac@va@on, which amplify the 
inflammatory response and mediate cellular 
injury [40]. Notably, the impairment of the 
glyoxalase detoxifica@on pathway worsens 
MGO accumula@on, thus crea@ng a vicious cy-
cle of dicarbonyl stress and AGEs. This mech-
anism urges us to consider MGO not only as a 
metabolic waste but rather as the major in-
strument for AGE-related @ssue injury and 
chronic inflamma@on. However, forma@on of 
AGEs, induced by MGO, represents a signifi-
cant molecular bridge between metabolic 
stress, oxida@ve damage, and AGE-RAGE–de-
pendent pathological pathways [41]. The DM 
is also responsible for quan@ta@ve and quali-
ta@ve altera@ons of subgingival microbiota, 
leading to the overgrowth of pathogenic an-
aerobic bacteria. During a longitudinal study 
of PD, Tannerella forsythia (T. forsythia) 
which is a primary member of the red com-
plex, was found to be highly associated with 
the severity of periodontal disease, par@cu-
larly in diabe@cs having poor glycemic control 
[42]. Enrichment for AGEs in the periodontal 
microenvironment ac@vates host inflamma-
tory responses to the bacterial challenge in-
stead of merely increasing the bacterial load. 
As discussed above, ac@va@on of immune 
cells by AGE–RAGE signaling in those @ssues 
may predispose them to overreact to the 
presence of pathogens like T. forsythia, result-
ing in an enhanced release of cytokines that 
perpetuates inflamma@on, the destruc@on of 
connec@ve @ssue, and the resorp@on of the 
alveolar bone [43]. 
	
Advanced Glyca;on End Products 
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Advanced glyca@on end products is a chemi-
cally heterogeneous group formed by non-en-
zyma@c glyca@on and oxida@on reac@ons 
leading to irreversible adducts. They are 
formed through the Maillard reac@on, star@ng 
with the unstable Schiff base intermediates, 
followed by Amadori rearrangement products 
and then oxida@ve and cross-linking reac@ons 
that lead to stable AGEs structures [44]. Ex-
amples of structurally characterized AGEs in-
clude non-fluorescent (Nε-(carboxymethyl)ly-
sine and Nε -CEL) and fluorescent cross-link-
ing (pentosidine) compounds. Main character-
is@c of many of these products is their ability 
to form intra- and intermolecular covalent 
cross-links in long-lived extracellular matrix 
proteins, in par@cular collagen. AGEs may also 
increase cross-linking in collagen, leading to 
increased @ssue s@ffness, decreased solubility, 
and increased resistance to proteoly@c degra-
da@on, consequently impairing normal con-
nec@ve @ssue turnover and repair [45]. 
Direct harmful effects of AGEs on periodontal 
fibroblasts responsible for the maintenance of 
extracellular matrix are exerted. AGE is accu-
mulated, which leads to senescence and 
apoptosis of fibroblasts, inhibi@on of collagen 
synthesis, and failure of restora@on of homeo-
sta@c @ssue architecture. Such changes re-
duce the elas@city and regenera@ve poten@al 
of the periodontal ligament, and under dia-
be@c condi@ons periodontal @ssues are ex-
tremely suscep@ble to irreversible damage. 
This can also explain the higher sensi@vity of 
periodontal @ssues to damage caused by 
AGEs, given their high collagen content and 
rapid remodeling rate [46]. Besides their 
structural impact, AGEs have profound bio-
logical ac@ons via RAGE, a mul@ligand pafern-
recogni@on receptor. Chronic RAGE s@mula-
@on poten@ates RAGE-mediated inflammatory 
signaling through NF-κB, mitogen-ac@vated 
protein kinases, and Janus kinase/signal trans-
ducer and ac@vator of transcrip@on pathways 
causing steady cytokine secre@on, oxida@ve 
stress, and immune dysregula@on [47]. AGE-
RAGE signaling is pivotal for maintaining 
chronic inflamma@on and a rhythmic cycle of 
alveolar bone loss during diabetes-associated 
PD. Moreover, disease progression is exacer-
bated by microbial factors, especially T. for-
sythia in an AGE-enriched periodontal micro-
environment [48]. Our integrated approach 
for GDM and its periodontal implica@ons dis-
@nguishes novel interconnected mechanisms 
that promote not only the maintenance of 
systemic disease predisposing AGEs but also 
the idea of targe@ng specific pathways, poten-
@ally improving periodontal and overall out-
comes in pa@ents with DM. 
 

Impact of Advanced Glyca;on End Products 
in Periodon;;s 
These PD-associated AGEs exert direct effects 
on periodontal @ssues and indirect effects on 
associated inflammatory responses, making 
them essen@al contributors to the pathogene-
sis and progression of the disease. Accumula-
@on of AGEs in Gingival Connec@ve Tissue, 
Periodontal Ligament and Alveolar Bone AGEs 
accumulate in gingival connec@ve @ssue, peri-
odontal ligament, and alveolar bone within 
the context of a vicious cycle of chronic in-
flamma@on, oxida@ve stress, and pathological 
@ssue remodeling. This local accumula@on 
causes structural changes in the @ssue and, 
furthermore, can amplify destruc@ve inflam-
matory pathways that characterize PD [49]. Fi-
nally, in periodontal @ssues, one of the main 
collateral effects of AGEs is to modify some 
components of the elas@c systems either inex-
tricably associated with them (such as in the 
case of collagen) or even removed from them. 
The AGEs-mediated collagen cross-linking 
leads to a s@ffer matrix that is more resistant 
to further normal enzyma@c degrada@on, and 
it thus supersedes the normal physiological 
collagen turnover. This altera@on in collagen 
structure leads to disorganiza@on of the perio-
dontal @ssue and mechanical failure of the 
periodontal ligament. These changes weaken 
@ssue and increase suscep@bility to chronic 
connec@ve @ssue damage [50]. The periodon-
tal fibroblast is an important connec@ve @ssue 
cell responsible for maintaining and healing 
the connec@ve @ssue and is also nega@vely in-
fluenced by AGE. AGEs adversely affect fibro-
blasts, which include the altera@on of afach-
ment, transit, and growth and the promo@on 
of cellular aging and apoptosis. This results in 
a destruc@on of collagen produc@on and a dis-
rup@on of normal healing in periodontal @s-
sues. Such fibroblast dysfunc@on leads to loss 
of periodontal ligament integrity and impaired 
regenera@on upon @ssue injury [51]. 
In addi@on to these structural effects, AGEs 
can act as biological mediators and interact 
with RAGE on endothelial cells, osteoblasts, 
osteoclasts, and immune cells. AGE-RAGE axis 
ac@va@on promotes autofeedback amplifica-
@on of local inflammatory signaling. Cytoplas-
mic AGE-RAGE binding induces NF-κB ac@va-
@on, leading to up-regula@on of pro-inflam-
matory cytokines. This chronic inflammatory 
response allows for a prolonged eleva@on of 
immune cell infiltra@on and ac@vity in perio-
dontal @ssues [52]. Altera@on of alveolar bone 
metabolism due to AGE-RAGE signaling. Ele-
vated levels of pro-inflammatory cytokines 
and osteoclastogenic mediators up-regulate 
osteoclast differen@a@on and ac@vity. At the 
same @me, the reac@on processes also 

inhibited the osteoblast func@ons and osteo-
genic capaci@es. PD progression is character-
ized by an excess of bone resorp@on over 
bone forma@on with an increased rate of alve-
olar bone loss [53]. Moreover, AGEs induce 
the unnecessary oxygen radical species (ROS) 
in periodontal @ssues, leading to oxida@ve 
stress. Increased oxida@ve stress leads to 
more cell injury, interference with intracellu-
lar signaling, and ac@va@on of more inflamma-
tory pathways. This ini@ates a cycle of inflam-
ma@on and @ssue destruc@on that perpetu-
ates disease chronicity [54]. AGEs accumula-
@on also nega@vely influences periodontal 
wound healing. AGEs block angiogenesis, de-
crease fibroblast survival, and inhibit the ac-
@ons of growth factors involved in @ssue re-
pair. Consequently, this leads to a diminished 
capacity of periodontal @ssues for healing and 
regenera@on following any mechanical or in-
flammatory insult. This deficiency leads to 
apoptosis of these @ssues and increases the 
fu@lity of periodontal therapy [55]. AGEs are 
major mediators of periodontal @ssue degen-
era@on since they merge oxida@ve stress, the 
amplifica@on of inflamma@on, structural ma-
trix modifica@on, and processes of impaired 
regenera@on. They have localized accumula-
@on within periodontal @ssues that highlights 
their key role in sustaining chronic inflamma-
@on, connec@ve @ssue degrada@on, and alve-
olar bone loss in PD [56]. 
	
Role of Advanced Glyca;on End Products and 
AGE–RAGE Signaling in Diabetes Mellitus 
The primary molecules that connect chronic 
hyperglycemia to metabolic disturbance and 
@ssue injury in the context of DM are AGEs. A 
cycle of repeated episodes of hyperglycemia 
promotes chronic glyca@on resul@ng in @ssue 
accumula@on of AGEs in plasma proteins, as 
well as intracellular and extracellular matrix. 
The systemic and progressive nature of dia-
be@c complica@ons has much to do with the 
accumula@on of AGEs, which correlates well 
with disease dura@on as well as poor glycemic 
control [57]. AGEs induce metabolic imbal-
ance through a series of both interconnected 
structural and biochemical mechanisms. AGE 
modifica@on specifically impacts the structural 
composi@on of plasma proteins, and it alters 
the stability, biological ac@vity, and turnover 
rates of plasma proteins and extracellular ma-
trix cons@tuents. The overall accelera@on of 
protein cross-linking alters the fundamental 
molecular links and rigidity in the @ssue, pri-
marily within connec@ve @ssue and the vascu-
lature. Such changes drive microvascular dys-
func@on, increased s@ffness, and basement 
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membrane thickening, which is a signature of 
DM [58]. 
On a cellular level, AGEs hamper the insulin 
signaling pathways. In the case of AGEs, they 
also promote the produc@on of ROS, and the 
accumula@on of AGEs will induce oxida@ve 
stress, which in turn disrupts the phosphoryla-
@on of the insulin receptor and downstream 
signaling for glucose uptake and u@liza@on. 
This vicious cycle exacerbates the exis@ng 
state of peripheral insulin resistance, sustains 
hyperglycemia, and thus con@nues to pro-
mote the endogenous pool of AGEs. The gly-
ca@on of metabolic enzymes and transport 
proteins inhibit ac@vity further increasing an 
already disturbed glucose and lipid metabo-
lism [59]. AGEs have both classical metabolic 
manifesta@ons (largely afributed to their for-
ma@on by oxida@ve stress and advanced gly-
ca@on) and damaging effects (largely, to some 
extent, via interac@on with RAGE since AGEs 
can be regarded as proinflammatory mole-
cules). RAGE is overexpressed in @ssues that 
are in@mately involved in its complica@ons in-
cluding vascular endothelium, kidneys, periph-
eral nerves, and immune cells. Ac@va@on of 
the AGE-RAGE signaling pathway then ini@-
ates a cascade of intracellular signaling path-
ways, including the signal transduc@on path-
ways of mitogen-ac@vated protein kinases, 
NF-Κb, and phosphoinosi@de-dependent path-
ways. These signaling events result in pro-
longed transcrip@on of pro-inflammatory cy-
tokines, chemokines, adhesion molecules, and 
mediators of oxida@ve stress [60]. 
Perhaps the hallmark of diabe@c vascular dis-
ease is persistent AGE–RAGE crosstalk, at least 
in the vessels. Chronic involvement of RAGE 
in endothelial cells also increases vascular per-
meability, leukocyte adhesion, and nitric oxide 
consump@on, leading to endothelial cell dys-
func@on and impaired microcircula@on. Such 
altera@ons favor atherosclero@c processes 
and result in micro- and macrovascular com-
plica@ons of DM [61]. There are also im-
portant effects of the AGE–RAGE signaling 
pathway on immune regula@on and cellular 
stress responses. RAGE chronic ac@va@on in-
cites immune cells towards a pro-inflamma-
tory phenotype, down-modulates intrinsic an-
@oxidant defenses, and deranges cytoprotec-
@ve stress-response pathways. Low-grade 
chronic inflamma@on, which is associated 
with increased risk of metabolic stress to cells 
[62], sustains the state of imbalance. Further-
more, chronic ac@va@on of the AGE−RAGE 
axis provides a persistent epigene@c signature 
to the cells, regula@ng metabolic memory. 
Chronic inflammatory signaling leads to epige-
ne@c modifica@ons and stable changes in cy-
tokine gene expression that may endure aeer 

restora@on of good glycemic control, thereby 
contribu@ng to the enduring effects of acute 
hyperglycemia on diabe@c complica@ons. Col-
lec@vely, AGEs and AGE-RAGE signaling inte-
grate metabolic stress, oxida@ve injury, in-
flamma@on, and epigene@cs as cri@cal drivers 
of the chronic evolu@on of DM [63]. 
 
Conclusion 
Advanced glyca@on end products represent a 
mechanis@c link between DM and PD. In PD, 
chronic hyperglycemia in DM promotes accu-
mula@on of AGEs in periodontal @ssues and 
promotes modifica@on of extracellular matrix 
in addi@on to increased inflamma@on and the 
accelera@on of alveolar bone loss. AGE-RAGE 
signaling pathway ac@va@on keeps oxida@ve 
stress and pro-inflammatory responses con@n-
uous, and reac@ve intermediates like MGO 
lead to an addi@onal AGEs load. These mecha-
nisms together highlight the importance of 
AGEs in the pathology of diabetes-associated 
PD. 
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Figure 1. Flow of the search and selec@on process. 
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