
Vol.: (0123456789)
1 3

GeroScience (2024) 46:3695–3709 
https://doi.org/10.1007/s11357-023-00835-0

ORIGINAL ARTICLE

Periodontal disease as a model to study chronic 
inflammation in aging

Martinna Bertolini · Daniel Clark 

Received: 27 January 2023 / Accepted: 20 May 2023 / Published online: 7 June 2023 
© The Author(s), under exclusive licence to American Aging Association 2023

Abstract  Periodontal disease is a chronic inflam-
matory condition that results in the destruction of 
the teeth supporting tissues, eventually leading to 
the loss of teeth and reduced quality of life. In severe 
cases, periodontal disease can limit proper nutritional 
intake, cause acute pain and infection, and cause a 
withdrawal from social situations due to esthetic and 
phonetic concerns. Similar to other chronic inflam-
matory conditions, periodontal disease increases in 
prevalence with age. Research into what drives peri-
odontal disease pathogenesis in older adults is con-
tributing to our general understanding of age-related 
chronic inflammation. This review will present peri-
odontal disease as an age-related chronic inflamma-
tory disease and as an effective geroscience model to 
study mechanisms of age-related inflammatory dys-
regulation. The current understanding of the cellular 
and molecular mechanisms that drive inflammatory 
dysregulation as a function of age will be discussed 
with a focus on the major pathogenic immune cells in 
periodontal disease, which include neutrophils, mac-
rophages, and T cells. Research in the aging biology 
field has shown that the age-related changes in these 

immune cells result in the cells becoming less effec-
tive in the clearance of microbial pathogens, expan-
sion of pathogenic subpopulations, or an increase in 
pro-inflammatory cytokine secretions. Such changes 
can be pathogenic and contribute to inflammatory 
dysregulation that is associated with a myriad of age-
related disease including periodontal disease. An 
improved understanding is needed to develop better 
interventions that target the molecules or pathways 
that are perturbed with age in order to improve treat-
ment of chronic inflammatory conditions, including 
periodontal disease, in older adult populations.
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Introduction

Periodontal disease is a microbially-associated, host-
mediated chronic inflammatory condition that affects 
the tissues that support teeth, including bone, connec-
tive tissue, and the surrounding oral mucosa. Bacte-
rial biofilms accumulate on tooth surfaces and initi-
ate an inflammatory response [1]. A prolonged and 
heightened inflammatory response results in tissue 
destruction via activation of matrix metalloprotein-
ases and osteoclasts [2]. The clinical hallmark of peri-
odontal disease in humans are signs of inflammation, 
which present as swollen, red, ulcerated, and bleed-
ing gingival tissue, and the characteristic loss of bone 
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and soft tissue support around the dentition. In the 
oral cavity, bacteria regularly colonize the tooth sur-
face. A basal inflammatory response to the bacteria 
is necessary to regulate colony overgrowth and overt 
pathogenicity [3]. Frequent and adequate removal 
of the microbial biofilms can limit the inflammatory 
response and prevent loss of tissue support. However, 
a dysregulation of the immune system can result in 
a pathologic inflammatory response to the micro-
bial stimuli which may include a heightened and 
prolonged response or one that does not resolve in a 
timely manner upon removal of the stimuli [4]. Such 
a pathological response contributes to increased tis-
sue destruction and an increase in periodontal disease 
severity. Understanding the host immune response 
to the oral pathogens and how the response becomes 
dysregulated in disease is a major focus in the peri-
odontal research field.

Similar to other chronic inflammatory disease, 
the prevalence of periodontal disease increases with 
age [5, 6]. The increased prevalence has been repeat-
edly demonstrated across multiple national and inter-
national population studies [7–11] (Table  1). Age 
appears to be a risk factor for periodontal disease. 
In a longitudinal study of a large cohort (n = 2256), 
tooth loss (end stage of periodontal disease) was used 
as a biomarker to accurately predict biological age 
[12]. Moreover, models of biological age that incor-
porated no oral health data could accurately predict 
risk of tooth loss over a 10-year period based on the 
calculated age of the individual [13]. Together, these 
studies support periodontal disease as an age-related 
disease.

Consequences of periodontal disease in older 
adults are multivariate. The loss of support of the 
dentition and the loss of teeth in end-stage disease 
results in decreased chewing capacity that can limit 
proper nutritional intake [14]. Furthermore, a with-
drawal from social situations and a resulting decline 
in psychological health has been reported due to inse-
curities about the esthetic appearance resulting from 
missing teeth and difficulty eating in public [15–17]. 
In addition, periodontal disease has been shown to be 
associated with other chronic inflammatory condi-
tions that also increase in prevalence in older adults 
[18]. Epidemiological studies have demonstrated an 
association of periodontal disease with cardiovascu-
lar disease [19], Alzheimer’s disease [20, 21], type 
2 diabetes [22], and obesity [23, 24]. More than 50 

systemic disease and conditions have been further 
investigated for the causal or casual comorbid rela-
tionship with periodontal disease [25, 26].

The cooccurrence of periodontal disease with 
other chronic inflammatory systemic disease sug-
gests an underlying relationship or shared risk factor 
among these comorbid conditions. A dysregulated 
inflammatory response is central to periodontal dis-
ease pathogenesis as well as other age-related chronic 
inflammatory conditions [27]. Therefore, understand-
ing how age contributes to periodontal disease may 
provide further insight into how mechanisms of aging 
generally contribute to other chronic inflammatory 
diseases in older adults.

This review will demonstrate how periodontal dis-
ease can serve as a geroscience model to investigate 
the biologic mechanisms that link aging and chronic 
inflammatory diseases. Known age-related perturba-
tions to the inflammatory response and how they have 
been shown to contribute to the pathogenesis of peri-
odontal disease will be discussed below and are sum-
marized in Fig. 1.

Aging animal models to study periodontal disease

Studying periodontal disease in animal models has 
been accomplished through experimental interven-
tions that induce disease or by studying non-exper-
imentally induced, or spontaneous, periodontal 
disease that occurs in animals and increases in preva-
lence as a function of age.

Animal models of spontaneous periodontal disease

Animal models that spontaneously develop similar 
human diseases or at least some pathological charac-
teristic of the disease of interest, as a function of age 
are commonly studied in the aging biology field. For 
example, osteoarthritis has been shown to spontane-
ously occur in guinea pigs, dogs, horses, and inbred 
strains of mice [28, 29]. Pathological features of 
macular degeneration are present in older macaque 
and rhesus monkeys [30]. The characteristic patho-
logical hallmarks of Alzheimer’s disease and Par-
kinson’s disease have been reported in the brains of 
apes, old world monkeys, and dogs [31]. Sponta-
neously occurring cardiovascular disease has been 
shown to develop in dogs, cats, and rats [32, 33]. 
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Studying spontaneously occurring disease in animal 
models has its limitations, including a prolonged 
time for disease to be present, heterogenous disease 

presentations, and pathological features that are not 
representative of those present in human disease. In 
addition, the confounding genetic variables associated 

Table 1   Population-based studies reporting increased periodontal disease prevalence associated with increasing age

NHANES National Health and Nutrition Examination Survey, SHIP-Trend study of health in Pomerania, CAL clinical attachment loss 
(clinical measure used to determine disease severity)

Study Population/region 
studied

Sample size Year Periodontal disease 
prevalence by age

NHANES [7] USA 7066 2009–2012 Severe diagnosis
Age: 30–34: 2.2%
Age: 65 + years: 11%

NHANES [9] USA 9689 1988–1994 Severe diagnosis
Age: 30–34: 1.4%
Age: 50–54: 4.6%
Age: 75–79: 3.3%
Moderate diagnosis
Age: 30–34: 3.8%
Age: 50–54: 10.6%
Age: 75–79: 19.9%
Mild diagnosis
Age: 30–34: 17.0%
Age: 50–54: 23.6%
Age: 75–79: 29.5%
No periodontal disease
Age: 30–34: 77.8%
Age: 50–54: 61.1%
Age: 75–79: 47.3%

SHIP-Trend [8] Germany 4420 2008–2012 Mean CAL
Age: 30–34: 1.32 mm
Age: 75 + : 2.32 mm
Mean No. Missing teeth
Age: 30–34: 1.3
Age: 75 + years: 9.3

Nippon Dental University [11] Japan 582 2010–2013 Severe diagnosis
Age: 20–34: 1.0%
Age: 45–54: 16.4%
Age: 65–74: 48.0%
Moderate diagnosis
Age: 20–34: 21.9%
Age: 45–54: 21.3%
Age: 65–74: 20.3%
Mild diagnosis
Age: 20–34: 28.1%
Age: 45–54: 41.0%
Age: 65–74: 17.5%
No periodontal disease
Age: 20–34: 50.0%
Age: 45–54: 21.3%
Age: 65–74: 14.1%

Gian Sagar Dental College and Hos-
pital [10]

India 1680 2014 Severe diagnosis
Age: 20–29: 4.3%
Age: 61 + : 45.6%
No periodontal disease
Age: 20–29: 13.3%
Age: 61 + : 1.3%
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with inbred strains may contribute to differential dis-
ease susceptibility.

Of interest for this manuscript, an age-related 
increase in periodontal disease is demonstrated 
across numerous animal models. The pathological 

Fig. 1   a Schematic of a tooth and supporting tissues affected 
by periodontal disease. Bacterial plaque accumulates on tooth 
surface and initiates a cellular immune response that activates 
downstream MMP and osteoclast activity that destroy the sup-
porting bone and connective tissue. The cellular response, 
cytokine expression, and regulation of inflammatory pathways 
differ in periodontal disease between young (left) and older 

(right) adults. Images rendered using micro-CT of the three 
maxillary molar teeth of mice in b health and c with periodon-
tal disease. Red lines indicate differences in bone loss that can 
be quantified as a measure of disease severity. d Representa-
tive histological section of a mouse molar tooth that depicts the 
supporting bone (B) connective tissue (C), the tooth (T), and 
the pulp of the tooth (P). Part a is created with Biorender.com



3699GeroScience (2024) 46:3695–3709	

1 3
Vol.: (0123456789)

characteristics of spontaneous periodontal disease 
in animals is representative of the disease presenta-
tion in humans, which includes a quantifiable loss of 
soft and hard tissue support of the dentition, patho-
genic microbial changes, and a measurable local and 
systemic immune response. A wide variety of spe-
cies have been shown to be affected by spontaneous 
periodontal disease. Non-human primates, including 
rhesus monkeys, cynomolgus monkeys, and baboons, 
demonstrate a natural susceptibility to periodon-
tal disease [34]. Spontaneous periodontal disease in 
the miniature pig has been well characterized with 
early local inflammation of the gingiva evident by 
6 months of age and the progression to severe peri-
odontal disease by 16  months [35]. Dogs also dem-
onstrate spontaneous periodontal disease. Periodon-
tal disease progresses spontaneously in dogs with 
increased age frequently associated with tooth loss 
[36, 37]. The beagle dog has been the most exten-
sively studied model; however, significant differ-
ences in disease severity are present across different 
dog breeds [36]. Rats also demonstrate spontaneous 
periodontal disease. The rice rat has been shown to 
be highly susceptible to disease with early onset of 
gingival inflammation and progression to severe dis-
ease by 3 months of age [36]. The murine model has 
been extensively used to study spontaneously occur-
ring periodontal disease as a function of age. An age-
related increase in periodontal disease is well char-
acterized in the C57BL/6 [38, 39] and BALB/cByJ 
mice [40]. Disease severity progresses constantly, 
throughout the lifetime of mice, as similarly demon-
strated in human populations [40, 41].

The age-related increase in periodontal disease 
prevalence in humans is modeled well across a vari-
ety of animals, making periodontal disease a useful 
and adaptable model in aging biology. Implementa-
tion of cutting edge biomolecular and immunological 
research techniques are consistently applied to these 
research models to better understand chronic inflam-
mation in age-related disease pathogenesis.

Experimental periodontal disease models

Periodontal disease can be experimentally modeled 
in animals via surgical or microbial interventions to 
induce the desired pathological features. The most 
common model of inducing experimental periodon-
tal disease is the ligature induction method (Fig. 1). 

In this model, a suture, either sterile or inoculated 
with a periodontal pathogen, is tied around the 
molar of the animal. The suture remains in place 
for a period of time to act as a nidus of bacterial 
accumulation and initiates a local inflammatory 
response affecting the supporting tissues around 
the teeth [42]. The result of the induced inflam-
matory response is destruction of the surrounding 
bone, connective tissue, and gingival epithelium 
which resembles the tissue destruction observed in 
periodontal disease in humans [42]. Disease sever-
ity can be quantified by measuring the extent of 
tissue destruction around affected teeth. Micro-CT 
imaging is a commonly used technique to quantify 
bone loss around the teeth, and histological tech-
niques are utilized to measure bone and soft tissue 
changes. The number of teeth lost can also be used 
as a measure of end-stage disease. In addition, the 
immunological response locally within the tissues 
can be profiled using an array of modern immuno-
logical assays and techniques.

The ligature induction method has been most 
widely applied to mouse models; however, other ani-
mal models have similarly been used, including rats 
[43], dogs [44], macaques [45], and pigs [46]. Experi-
mental periodontal disease models have also been 
tested in young and old animal models to demonstrate 
a differential response as a function of age. Studies 
have shown that old mice demonstrate an increase 
in disease severity as a result of the ligature induc-
tion method, compared to young [47]. Other studies 
have shown quantitative and qualitative difference in 
the immune response in old mice, compared to young 
using the ligature induction model [39, 47].

Another method to experimentally induce peri-
odontal disease is based on infection with pathogenic 
bacteria known to be associated with human peri-
odontal disease, such as Porphyromonas gingivalis 
and Fusobacterium nucleatum, by means of oral gav-
age. In this model, bacterial pathogens are prepared 
in a liquid suspension and administered to the oral 
cavity of the animal. Repeated administrations of the 
bacterial suspension are made over several weeks to 
months. The pathogenic bacteria colonize the tooth 
surfaces and induce local inflammation and destruc-
tion of the tissues surrounding the teeth. Compared 
to the ligature method, there are multiple weaknesses 
of the oral gavage model, which include an extended 
duration of repeated applications, minimal tissue 
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destruction that is difficult to quantify, and inconsist-
ent results within groups [48].

Chronic inflammation in periodontal disease 
and aging

The inflammatory dysregulation that occurs with 
increased age is well appreciated. The term inflam-
maging has been used to describe the age-related 
systemic elevation of pro-inflammatory mediators 
that contribute to the pathogenesis of many of the 
diseases that increase in prevalence with age [49]. 
While multiple cellular and molecular perturbations 
have been shown to contribute to the inflammaging 
phenomenon, a complete understanding of the mech-
anisms that contribute to inflammaging are not fully 
understood. Given that inflammatory dysregulation 
is central to the pathogenesis of periodontal disease, 
inflammaging may be a key contributor to the age-
related increase in periodontal disease prevalence. To 
better understand how inflammaging may contribute 
to the pathogenesis of periodontal disease, the fol-
lowing sections will discuss the known age-related 
changes that affect the regulation of cytokines and 
cellular activity.

Cytokine dysregulation

Inflammaging has been generally quantified by an 
increase in circulating levels of IL-6, CRP, and TNFα 
[50]. This age-related increase in pro-inflammatory 
mediators appears consistently even when systemic 
disease and other risk factors are controlled. Dys-
regulation of IL-6 and TNFα activity have been well 
demonstrated in the pathogenesis of periodontal dis-
ease. Levels of IL-6 within the periodontal tissue 
are shown to increase with the onset of disease and 
contribute to destruction of the surrounding tissues 
through downstream activation of matrix metallopro-
teinases and osteoclasts [51]. Experimental periodon-
tal disease models in mice have shown increased sys-
temic level of IL-6 after induction of disease [52]. An 
increase in systemic IL-6 was shown to be associated 
with increased periodontal disease severity in humans 
[53]. Similar findings of increased systemic IL-6 
expression have been shown to be associated with 
other age-related diseases and conditions, including 
frailty [54]. In addition, polymorphism of the IL-6 

gene (rs1800795) was shown to be associated with 
periodontal disease severity [53, 55]. The same poly-
morphism is associated with other age-related disease 
including atherosclerosis and Alzheimer’s disease 
[56, 57]. Interestingly, clinical treatment of periodon-
tal disease has been shown to reduce the systemic 
levels of IL-6 in humans [58]. Similar to IL-6, levels 
of TNFα in the periodontium increase during peri-
odontal disease [59]. Systemic levels of TNFα are a 
marker for frailty in older adults and have also been 
shown to also be associated with increased sever-
ity of periodontal disease [60, 61]. The involvement 
of TNFα with chronic inflammatory and age-related 
disease has made it attractive as a therapeutic tar-
get. Animal studies have shown that TNFα targeting 
drugs reduce the tissue destruction and disease sever-
ity when administered in periodontal disease models 
[62, 63].

Additional cytokines are involved in the pathogen-
esis of periodontal disease (Fig. 1) and have similarly 
been associated with inflammaging. IL-1β is upregu-
lated in response to microbial invasion in periodontal 
disease, with higher levels of IL-1β associated with 
increased severity of periodontal disease and levels 
of IL-1β decreasing after periodontal treatment [64, 
65]. IL-1β has been shown to propagate the inflam-
matory response by inducing T helper cell expansion 
and promoting matrix metalloproteinase and osteo-
clast activity during periodontal disease [65, 66]. 
An age-related increase in IL-1β has been repeatedly 
shown across diverse cells and tissues with a dem-
onstrated contribution to age-related pathologies, 
including type 2 diabetes [67], atherosclerosis [68], 
and deterioration of the hematopoietic stem cell niche 
[69]. IL-18 is also a part of the IL-1 cytokine fam-
ily and is capable of activating T helper 1 cells and 
natural killer cells [70]. Upregulation of IL-18 was 
observed in response to periodontal pathogens, and 
increased levels of IL-18 were demonstrated locally 
and systemically in patients with periodontal disease 
[71–73]. An age-related increase in serum level of 
IL-18 is well demonstrated [74, 75]. In older adult 
populations, a significant increase in serum IL-18 
was associated with decrease in physical performance 
measures [76]. Additionally, age-related pathologies 
were also associated with increased levels of IL-18, 
including Alzheimer’s disease [77], type 2 diabe-
tes [78], and ischemic heart disease [79]. As dis-
cussed further in the T cell section below, IL-17 is a 
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pathological inflammatory cytokine that is well sup-
ported for its role in periodontal disease along with 
other age-related conditions, including osteoarthritis 
[80], atherosclerosis [81], and neurodegenerative dis-
eases [82].

Mechanisms of age‑related cytokine dysregulation: 
NfKB and NLRP3 pathways

While the mechanisms contributing to increased 
cytokine expression are not fully understood, evi-
dence suggests an age-related increase in NF-κβ 
signaling significantly contributes to the upregula-
tion of proinflammatory mediators [83]. NF-κβ is 
a transcription factor that induces the expression of 
numerous pro-inflammatory genes that are expressed 
in a variety of cell types. NF-κβ activation occurs 
in response to changes in redox state and oxidative 
stress in the local environment. Aging is associated 
with increased oxidative stress and increased genera-
tion of reactive oxygen species (ROS) within tissues 
[84, 85]. This increased oxidative stress can drive 
NF-κβ activation and the resulting increased pro-
inflammatory cytokine expression in an age-depend-
ent manner. In a study analyzing microarray data of 
tissue samples of older subjects, the cis-regulatory 
elements most strongly associated with the age-
related increase in cytokine gene expression within 
the tissues were shown to be the NF-κβ transcription 
factor [86]. Biochemical pathways known to promote 
aging, such as insulin/IGF-1 and mammalian target of 
rapamycin (mTOR), activate NF-κβ [87, 88]. Interest-
ingly, inhibition of these pathways and the resulting 
downregulation of NF-κβ result in increased longev-
ity in experimental models [89].

Another pathway that regulates cytokine activ-
ity involves the formation of the nucleotide-binding 
domain, leucine-rich repeat-family and pyrin domain-
containing protein 3 (NLRP3) inflammasome pro-
tein complex. NLRP3 activity has been shown to be 
affected by increased age resulting in increased inflam-
matory cytokine expression [90]. NLRP3 is an intra-
cellular sensor that recognizes danger- and pathogen-
associated molecular patterns (DAMPS, PAMPS) and 
forms a protein complex with apoptosis-associated 
speck-like protein containing a CARD (ASC) and cas-
pase-1. Activation of the inflammasome results in the 
release of IL-1β and IL-18 [91]. Dysregulated cytokine 
production by the NLRP3 inflammasome has been 

associated with multiple age-related diseases [92]. 
Interestingly, mice with genetic depletion of NLRP3 do 
not demonstrate age-related pathologic changes to the 
same extent as the wild type controls and demonstrate 
increased lifespan [93]. Age-related changes appear to 
affect transcriptional, post-transcriptional, and post-
translational modifications, or priming, of the NLRP3 
gene and protein in the formation and activation of the 
inflammasome. Increased transcription of NLRP3 is 
driven by NF-κβ-dependent pathways, which are acti-
vated by age-related inflammatory mediators [94]. Post-
translational modifications that activate NLRP3 include 
deubiquitination of the inflammasome by deubiquit-
inating enzymes activated downstream of TLR4 and 
MyD88 [95]. A general increase in deubiquitination 
across the proteome has been associated with increased 
age [96]. Post-translational protein acetylation is also 
implicated in the regulation of NLRP3. Acetylation has 
been shown to activate the inflammasome, and such 
activation was upregulated by age-related inflammatory 
mediators [97].

Mitochondrial dysfunction is a characteristic hall-
mark of aging and has been shown to contribute to 
pathologic NLRP3 and NF-κβ activity. Mitochondria 
produce a significant amount of ROS. Mitochondrial 
DNA damage by increased ROS production has been 
well described as contributing to many pathologic 
aging phenotypes by disrupting normal protein syn-
thesis and function [98]. Mitochondrial derived ROS 
(H2O2) was shown to promote thioredoxin-interacting 
protein (TXNIP) interaction with the NLRP3 protein 
and the subsequent activation of the inflammasome 
[99]. In addition, free mitochondrial DNA is released 
as a result of cellular necrosis and loss of cell mem-
brane integrity and acts as a DAMP in the promotion 
of the inflammatory response. The free mitochondrial 
DNA was shown to bind Toll-like receptor 9 and acti-
vate NF-κβ to promote the transcription of NLRP3 
and other inflammatory cytokines [100]. Free mito-
chondrial DNA was also shown to directly bind the 
NLRP3 protein and promote the formation of the 
inflammasome protein complex [101].

Age‑related cellular changes contribute to chronic 
inflammation

The following sections describe the cellular 
changes that are known to contribute to age-related 
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inflammatory dysregulation and to the pathology of 
periodontal disease and other age-related diseases and 
conditions. The immune cells discussed below are 
highlighted due to their well demonstrated contribu-
tions to periodontal disease pathogenesis. However, a 
more diverse and complex cellular immune response 
is present during periodontal disease.

Cellular senescence  Cellular senescence describes 
an arrest of the normal cell cycle where cells no 
longer proliferate but remain resistant to apopto-
sis [102]. Senescent cells accumulate in tissue with 
increased age, and some develop the senesce-asso-
ciated secretory phenotype (SASP), which describes 
the secretion of proinflammatory cytokines and 
chemokines [103, 104]. The SASP compounds can 
result in tissue dysfunction and may be a mecha-
nism that contributes to the pathogenesis of many 
age-related diseases. Senescent cells and their asso-
ciated SASP have previously been implicated in the 
pathogenesis of periodontal disease. Senescent cells 
have been identified via the expression of the marker 
p16Ink4a within the bone that supports the dentition 
[105]. They have also been identified in higher num-
bers within the periodontal ligament cells surround-
ing teeth of older adults, compared to the younger 
ones [106]. The cytokines secreted by senescent cells 
include IL-6 and TNFα, which have been implicated 
in periodontal disease, as discussed previously. Tar-
geting senescence cells via senolytics has proven 
effective in reducing frailty and other age-related dis-
ease [107–109]. However, no study has examined the 
effect of senolytics in periodontal disease to date.

Neutrophils  In periodontal disease, neutrophils 
respond early to invading oral microorganisms and 
migrate to the periodontal tissues and gingival crev-
ice [110]. Neutrophils phagocytize bacteria and pro-
duce reactive oxygen species to kill invading micro-
organisms. However, the production of the reactive 
oxygen species, when exacerbated, can be destructive 
to the local tissues. Thus, proper regulation of neutro-
phil activity is critical to balance an effective innate 
immune response while minimizing damage to host 
tissue [110].

Known age-related changes to neutrophils may 
contribute to the periodontal disease pathogen-
esis. The total number of circulating neutrophils and 
their progenitor cells do not appear to be affected 

by increased age [111]. However, key antimicrobial 
functions of neutrophils seem to be affected by age, 
becoming reduced in old subjects when compared to 
the young. Phagocytosis of bacteria by neutrophils 
is reduced in old subjects, compared to the young 
[112]. In addition, formation of neutrophil extracel-
lular traps (NETs) is an antimicrobial strategy utilized 
by neutrophils, where decondensed DNA structure is 
released extracellularly and acts to physically entrap 
and kill invading bacteria [113]. Similar to phago-
cytosis, NET formation appears to decline in neu-
trophils from older subjects, compared to the young 
[114]. In mouse models, higher invasion of bacterial 
pathogens was associated with increased age and 
decreased NET formation [115]. The above describes 
age-related decrease in the antimicrobial properties of 
neutrophils that would result in the inadequate clear-
ance of the bacteria, resulting in a sustained inflam-
matory response that could contribute to the patho-
genesis of periodontal disease in older adults.

Macrophage  The macrophage is also an early 
responder to microbial stimuli and tissue injury in 
periodontal disease. Stimuli from invading bacte-
ria and injured tissue recruit circulating monocytes 
locally to the periodontium, where they differenti-
ate into macrophages [116]. Early responding mac-
rophages demonstrate a pro-inflammatory phenotype 
with secretion of metabolic enzymes, such as induc-
ible nitric oxide synthase (iNOS), and cytokines 
(TNFα, IL-1β, and IL-6) that act to propagate the 
inflammatory response [117]. Macrophages also 
acts as important phagocytic cells to clear bacte-
rial pathogens and infected cells from the tissue 
[116]. At later stages, macrophages change pheno-
type and act to resolve inflammation and promote 
healing of damaged tissues through secretion of an 
anti-inflammatory cytokine profile (IL-10, TGF-β) 
[117]. It is not clear to what extent an individual mac-
rophage cell can change its phenotype between pro- 
and anti-inflammatory phenotypes or if the change 
in phenotypes is a function of temporal differences 
in the signaling that affect macrophage recruitment 
and differentiation. An increase in pro-inflammatory 
macrophage phenotypes over anti-inflammatory phe-
notypes in the tissue was associated with greater dis-
ease severity [118]. Conversely, a higher ratio of anti-
inflammatory macrophage phenotypes was associated 
with periodontal health.
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An age-related perturbation of macrophage pheno-
types may contribute to periodontal disease pathogen-
esis and severity. In experimental induction models 
using old and young mice, inhibiting macrophages 
improved resolution from periodontal disease in old 
mice but had no effect in young mice [119]. In try-
ing to understand the age-related differences in mac-
rophage function, many of the in  vitro studies evalu-
ating cytokine secretion and phagocytic activity of old 
and young macrophages demonstrate heterogeneous 
and conflicting results [120–123]. However, advance-
ment of immunological techniques has allowed for 
improved and unbiased analysis of the age-related 
changes in macrophages. Bulk RNAseq of mac-
rophages isolated from bone after injury in old and 
young mice demonstrated that the macrophages from 
old mice were transcriptionally distinct. The transcrip-
tional profile of the macrophages from old mice dem-
onstrated increased expression of pro-inflammatory 
cytokines and chemokines [124]. This transcriptional 
change appeared to be detrimental in old mice, as the 
study demonstrated that inhibiting macrophage recruit-
ment to the site of injury improved healing outcome 
in old mice. In another study, single cell RNAseq 
analysis of alveolar lung macrophages demonstrated 
an increased pro-inflammatory gene signature in the 
macrophages from old mice, compared to the young 
[125]. Similarly, macrophages from skeletal muscle 
of old mice demonstrated increased pro-inflammatory 
markers, compared to the young, as measured via sin-
gle cell RNAseq [126]. It remains unclear if these age-
related phenotypic changes in macrophages are a result 
of intrinsic changes to the macrophage or a result of 
changes to the local environment affecting cell activity.

T cells  After an initial acute phase, the transition to 
chronic inflammation in periodontal disease is charac-
terized by T cell recruitment and differentiation. This 
adaptive immune response is well described in the 
pathogenesis of periodontal disease. The most abun-
dant T cell population found in the gingival tissue 
around teeth is CD4 + T helper cells [127]. Generally, 
the Th1 subset is characterized by a pro-inflamma-
tory phenotype, and the Th2 subset is characterized 
by an anti-inflammatory phenotype [128]. The Th1 
response in periodontal disease has been shown to 

produce cytokines that promote osteolytic processes, 
resulting in the characteristic bone loss around the 
affected teeth [129]. The Th2 response in periodontal 
disease has been shown to promote B cell expansion 
and production of antibodies against oral pathogens 
[130]. While both Th1 and Th2 subsets are present 
within the periodontium in health and disease, a shift 
towards an increased ratio of Th1 cells is observed in 
the disease [129].

Regulatory T cells (Tregs) and memory T helper 
17 cells (Th17) are an additional pair of T cell subset 
that has complimentary activity in health and peri-
odontal disease. Tregs demonstrate homeostatic and 
anti-inflammatory roles with characteristic production 
of IL-10 and TGF-β [131]. Tregs activity in the peri-
odontium has been shown to downregulate the osteo-
lytic processes in periodontal disease [132]. Th17 cells 
propagate the inflammatory response through their 
characteristic production of IL-17. The expansion of 
Th17 population and the associated increase in IL-17 
production is characteristic of the pathogenic response 
in periodontal disease, with IL-17 shown to promote 
osteolytic activity [133]. Furthermore, inhibition of 
Th17 cell expansion resulted in decreased bone loss and 
periodontal disease severity in animal model [132].

Dynamic changes in T cell expansion and activ-
ity have been demonstrated as a function of age. 
Immunosenescence describes an age-related dimin-
ished resistance to infection that is largely a result 
of an involution of the thymus in older adults and 
a resulting decrease in the production of naïve T 
cells [134]. This decreased antigen-specific immu-
nity has been implicated in the general susceptibil-
ity to infection observed in older adults and would 
likely confer a similar susceptibility to infection by 
oral pathogens in the pathogenesis of periodontal 
disease. In addition, the differentiation and expan-
sion of Th17 cells and an associated increase in 
IL-17 production have been shown to increase in 
aging animals and humans [135–137]. Within the 
periodontium of old mice, increased expansion of 
Th17 cells was observed, compared to the young 
[138]. This age-related increase was demonstrated 
in healthy tissue without the induction of disease, 
suggesting the tissue may be primed for an elevated 
and more pathogenic IL-17 response in older mice.
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Targeting inflammatory mediators 
in the treatment of periodontal disease

Chronic inflammatory and autoimmune conditions 
have benefited from therapies that target the inflam-
matory cytokines that have been shown to be involved 
in the disease pathogenesis. While no targeted anti-
cytokine therapy has been developed specifically for 
periodontal disease, host inflammatory modulation 
during periodontal disease has been demonstrated. 
Non-steroidal anti-inflammatory drugs (NSAIDs) 
are well understood to block cyclooxygenase and the 
broad downstream inflammatory pathways [139]. 
In clinical and experimental studies of periodontal 
disease, NSAIDs have been shown to downregulate 
inflammatory cytokines and improve periodontal 
clinical parameter [140]. However, taken together, the 
evidence is conflicting to the benefit of NSAIDs, and 
along with the known side effects of long-term use of 
NSAIDs, the clinical effectiveness is limited.

Given the role of TNF-α in periodontal disease, 
research has investigated the effect of anti-TNF-α 
therapeutics on periodontal health. TNF inhibitors, 
including etanercept, adalimumab, and infliximab, 
have been used routinely for the treatment of rheu-
matoid arthritis, and the application of such thera-
peutics has been expanding to other chronic inflam-
matory conditions [141]. Studies have investigated 
the effect of the TNF inhibitors on periodontal health 
in RA patient with and without periodontal disease 
[141]. Treatment generally improved clinical meas-
ures of gingival inflammation in the short term. In 
longer term follow-up studies (6 and 9 months), sub-
jects with periodontal disease demonstrated improved 
clinical measures of inflammation and more definitive 
healing of the tissues supporting the teeth (increased 
clinical attachment level) [142, 143]. However, most 
studies are limited to evaluation of periodontal condi-
tions in patients who were prescribed TNF inhibitors 
for treatment of RA, and no randomized controlled 
clinical trial has evaluated the effect of TNF inhibi-
tors on periodontal disease to date.

Influence of the aging microbiome

This review has focused on pathologic changes to the 
host inflammatory response as a function of age. In 
periodontal disease, this inflammatory response is 

initiated by the oral bacteria that accumulate on the 
tooth surfaces. Therefore, it is reasonable to investi-
gate whether the oral bacteria are affected by the age 
of the host and illicit a more pathogenic inflammatory 
response.

A contributing factor to age-related inflammatory 
dysregulation has been shown to be weakened tis-
sue barriers. Skin epidermis, gut epithelium, and the 
blood–brain barrier all demonstrate an age-related 
increase in permeability and a resulting increase in 
microbial invasion [144–146]. This increased perme-
ability was shown to be associated with local pathol-
ogy and contribute to age-related systemic inflamma-
tion. The inflammatory dysregulation may be driven 
by increased microbial infiltration across the dys-
functional tissue barriers that have been suggested 
to chronically stimulate a low-grad inflammatory 
response [144, 147]. During periodontal disease, the 
gingival epithelium becomes inflamed, ulcerated, and 
has permeability to local microbes. Thus, epithelial 
permeability in chronic periodontal disease may simi-
larly drive systemic inflammation, as it occurs with 
other dysfunctional tissue barriers.

With the advancement of microbiome research and 
sequencing techniques in recent years, the importance 
of understanding the human oral microbiome has 
grown to improve our understanding of human health, 
diseases, and aging. Periodontal pathogenic bacteria 
are known to have an impact far beyond the oral cav-
ity, influencing systemic processes throughout the 
body and being linked to a variety of diseases includ-
ing cardiovascular conditions [148], stroke [149], 
Alzheimer’s disease [150], and rheumatoid arthritis 
[151]. Biological mechanisms include direct trans-
location of oral bacteria to various parts of the body 
and locally produced proinflammatory cytokines, 
which cause systemic inflammation [18]. Some sys-
temic conditions, on the other hand, such as obe-
sity, diabetes, and metabolic syndrome, can lead to 
changes in the oral microbiome [152, 153]. The pro-
posed mechanism in these cases is related to immune 
cell malfunction, cytokine imbalances, and increased 
heme levels in glycosylated hemoglobin, which pro-
motes the growth of proteolytic species [154, 155].

When comparing healthy young and healthy older 
adults in this regard, it is observed that the phylog-
enies of the prevalent bacteria remain largely constant 
as healthy humans age [156]. Small changes in micro-
biome richness and diversity can be observed, with 
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older adults having lower richness and diversity when 
compared to the young cohort. In terms of composi-
tion, the phylum of Bacteroidetes is more abundant in 
the young cohort, and the family of Micrococcaceae 
is more abundant in the older group, with a small 
increase of the genus Rothia, which has previously 
been associated with pneumonia in older adults [157].
There is evidence that chronic health disorders, smok-
ing, and the presence of yeasts in the oral cavity are 
the most influential factors related to oral microbiome 
changes through aging [158]. Furthermore, lifestyle 
choices, social circumstances, and dental pH levels 
all influence the composition of the oral microbiome 
[158]. These confounding variables may explain dis-
crepancies in the literature regarding microbiome 
changes in older adults.

Conclusion

The aging process is a risk factor for multiple chronic 
inflammatory conditions, including periodontal dis-
ease. This review has demonstrated how a gerosci-
ence approach can be used to understand the basic 
molecular and cellular mechanisms of periodontal 
disease pathogenesis. In improving our understand-
ing of periodontal disease, we may be able elucidate 
some of the basic mechanisms that contribute to 
chronic inflammation in aging and arrive at therapeu-
tic targets that can be utilized across multiple age-
related disease.
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