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Introduction
Periodontitis is a chronic disease triggered by deregulated inflam-
matory response–induced microbial dysbiosis that gradually dete-
riorates the tooth-supporting structures (Sahingur 2020). The 
prevalence of periodontal diseases increases with age, exceeding 
60% among those older than 65 y (Eke et al. 2020). This rise cre-
ates a major health and socioeconomic burden worldwide. 
Nevertheless, there is still limited information about the molecular 
signatures of aging periodontal tissues (Aquino-Martinez 2023).

Cellular senescence is one of the chief hallmarks of aging 
characterized by irreversible cell cycle arrest, resistance to 
apoptosis, and pronounced morphological and metabolic alter-
ations, including enlarged cells, DNA damage, and lysosomal 
and mitochondrial changes (Chaib et al. 2022; Huang et al. 
2022). Senescent cells remain metabolically active and secrete 
a variety of cytokines, chemokines, and tissue-destructive 
enzymes, collectively termed senescence-associated secretory 
phenotype (SASP) (Fafián-Labora and O’Loghlen 2020; 
Huang et al. 2022). Senescence occurs physiologically as a 
defense mechanism to protect against malignancy and injury, 
but persistent activity can act as a double-edged sword and 
interfere with the function of surrounding cells, consequently 
fostering further senescence and a chronic inflammatory milieu 

termed inflammaging with progressing age (Chaib et al. 2022; 
Huang et al. 2022). Due to the low abundance of senescent 
cells within tissues and the cellular heterogeneity, senescent 
cells are often identified through monitoring multiple molecu-
lar and phenotypical features (Cohn et al. 2023; Gil 2023). 
Some of the most widely used senescence markers include 
those related to cell cycle arrest, such as cyclin-dependent 
kinase (CDK) inhibitor p16INK4a and lysosomal and metabolic 
alterations (e.g., lipofuscin and SA-β-galactosidase) (Chaib  
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Abstract
Most of the elderly population is afflicted by periodontal diseases, creating a health burden worldwide. Cellular senescence is one of 
the hallmarks of aging and associated with several chronic comorbidities. Senescent cells produce a variety of deleterious secretions, 
collectively termed the senescence-associated secretory phenotype (SASP). This disrupts neighboring cells, leading to further senescence 
propagation and inciting chronic inflammation, known as “inflammaging.” Detrimental repercussions within the tissue microenvironment 
can trigger senescence at a younger age, accelerate biological aging, and drive the initiation or progression of diseases. Here, we 
investigated the biological signatures of senescence in healthy and diseased gingival tissues by assessing the levels of key senescence markers 
(p16, lipofuscin, and β-galactosidase) and inflammatory mediators (interleukin [IL]–1β, IL-6, IL-8, matrix metalloproteinase [MMP]–1, 
MMP-3, and tumor necrosis factor–α). Our results showed significantly increased senescence features including p16, lipofuscin, and  
β-galactosidase in both epithelial and connective tissues of periodontitis patients compared with healthy sites in all age groups, indicating 
that an inflammatory microenvironment can trigger senescence-like alterations in younger diseased gingival tissues as well. Subsequent 
analyses using double staining with specific cell markers noted the enrichment of β-galactosidase in fibroblasts and macrophages. 
Concurrently, inflammatory mediators consistent with SASP were increased in the gingival biopsies obtained from periodontitis lesions. 
Together, our findings provide the first clinical report revealing susceptibility to elevated senescence and inflammatory milieu consistent 
with senescence secretome in gingival tissues, thus introducing senescence as one of the drivers of pathological events in the oral 
mucosa and a novel strategy for targeted interventions.
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et al. 2022; Gil 2023). p16 is a CDK inhibitor in the p16/Rb 
pathway that inhibits the CDK4-CyclinD complex and prevents 
Rb phosphorylation and thus blocks G1-S progression, leading 
to the arrest of cell proliferation and growth (Chaib et al. 2022). 
Lipofuscin is an oxidized lysosomal lipoprotein, which is 
resistant to degradation by ubiquitin-proteasome or exocytosis 
systems and is used as a senescence marker indicating oxida-
tive damage and impaired lysosomal function (Skoczyńska  
et al. 2017; Kakimoto et al. 2019). Similarly, increased SA-β-
galactosidase is another common characteristic of senescent 
cells that indicates metabolic and lysosomal alterations (González-
Gualda et al. 2021).

Chronic inflammation and oxidative stress as observed in 
periodontitis can trigger senescence (Albuquerque-Souza et al. 
2022). Remarkably, the pathogenesis of periodontal diseases 
and associated comorbidities share several common features 
with senescence (Hajishengallis 2022). Growing evidence sug-
gests that the periodontal tissue microenvironment can be con-
ducive for premature senescence, which can increase 
susceptibility to the disease even in younger populations 
(Aquino-Martinez 2023). However, there are still no well-
defined clinical studies that have assessed the molecular signa-
tures of senescence in the oral mucosa. We hypothesized that 
diseased gingival tissues display increased features of senes-
cence and SASP. Our goal was to assess the levels of key 
senescence markers including p16, lipofuscin, and  
β-galactosidase and inflammatory mediators associated with 
SASP such as interleukin (IL)–1β, IL-6, IL-8, tumor necrosis 
factor (TNF)–α, and matrix metalloproteinases (MMPs) in 
gingival tissues of periodontitis and healthy subjects and define 
the cells sensitive to senescence.

Materials and Methods

Study Participants

A total of 126 subjects with a noncontributory medical history 
were recruited from the Graduate Periodontics Clinic, School of 
Dental Medicine, University of Pennsylvania (Penn), and 
Virginia Commonwealth University (VCU). The study was 
approved by Penn (protocol 844212) and VCU (protocol 11025) 
and conducted in accordance with the Declaration of Helsinki 
of the World Medical Association. This case-control study fol-
lowed the STROBE guidelines (Appendix). Periodontal exami-
nation was performed by using a calibrated University of North 
Carolina periodontal probe (Hu-Friedy). Probing depth (PD), 
recession, bleeding on probing, and clinical attachment levels 
were recorded. The criteria for periodontitis diagnosis were PD 
≥ 5 mm as defined by stages II and III according to periodontal 
classification from the World Workshop 2017 (Papapanou et al. 
2018). Healthy periodontium was defined as PD ≤ 4 mm and 
obtained from periodontally healthy patients who have been 
scheduled for crown-lengthening procedures. Exclusion criteria 
were as follows: (1) <18 y of age, (2) smoker, (3) concomitant 
systemic disease (e.g., diabetes, HIV/AIDS), and (4) pregnant 
or lactating. The gingival biopsies were harvested including 
both epithelial and connective tissues from approximately 1 to 
3 mm beyond the submarginal tissue as indicated by the 

treatment plan (Newman 2023). Subgroup analyses included 
those less than 55 y old (younger) and subjects who were 55 y 
and older (older) (Albuquerque-Souza et al. 2022). Details are 
given in the Appendix.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA was isolated from gingival tissue specimens using 
the RNeasy Plus Mini kit (Qiagen), and quantitative real-time 
polymerase chain reaction was determined using specific primers 
(Appendix Table 1) for SYBR Green Master Mix (SABiosciences) 
in the StepOne PlusSystem (Applied Biosystems) following 
established protocols (Mooney et al. 2021).

Histological Specimens

Human periodontal tissue biopsies obtained from the diseased 
and healthy sites were fixed in 4% paraformaldehyde. For 
cryosection, the tissues were fixed and dehydrated with 30% 
sucrose solution before embedding using optimal cutting tem-
perature (OCT) for cryosection. The samples were cut at a 
thickness of 5 µm at −20 °C by cryostat (Jannone et al. 2020; 
Mooney et al. 2021).

Lipofuscin Staining

Lipofuscin was stained with Sudan Black B (SBB) solution as 
described (Georgakopoulou et al. 2013). The images were 
acquired at 40× magnification with light microscopy (Leica). 
The region of interest (ROI) was outlined with the same tissue 
architecture including both epithelial and connective tissue 
layers from each sample. The lipofuscin-positive cells were 
determined by perinuclear accumulation aggregation stained 
with SBB. Random ROI per sample was evaluated, and the 
positive cells were counted by a blinded examiner. Details are 
in the Appendix.

SA-β-Galactosidase Activity

The samples were stained with SA-β-galactosidase staining 
solution (Cell Signaling 9860) overnight at 37 °C in a dry incu-
bator following instructions. Randomly selected fields per 
sample were captured at a magnification of 20× resolution 
using a microscope (Leica) in a blinded manner. The SA-β-
galactosidase–positive areas were quantified using ImageJ Fiji 
software by automated image acquisition. The percentage of 
the positive areas was calculated as a stained area/total tissue 
area × 100 (Jannone et al. 2020). Details are in the Appendix.

Immunofluorescence

Immunofluorescence staining for p16, β-galactosidase, TE7, 
and CD68 was performed on gingival tissue sections as 
described previously (Albuquerque-Souza et al. 2022). Three 
randomly selected images per sample were captured at 40× 
magnification. The relative fluorescence intensity and the per-
centage of colocalization were calculated using ImageJ Fiji 
software. Details are in the Appendix.
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Statistical Analysis

The recruitment of subjects in the study was powered by con-
sidering pocket depth as the primary outcome (details are given 
in the Appendix). GraphPad Prism software version 10 was 
used for statistical analyses. Categorical variables were tested 
across groups using chi-square tests. Continuous variables 
were initially tested for normality assumptions via the Shapiro-
Wilk test with Lilliefors correction. The difference (of the con-
tinuous variables) between the 2 groups was statistically 
assessed by unpaired, 2-sided t test (under normality) and with 
the Mann-Whitney U test (under violations of normality). 
Similarly, for testing the equality of the continuous variables 
among multiple (>2) groups followed by multiple compari-
sons, one-way analysis of variance with Tukey’s post hoc test 
(under normality) or Kruskal-Wallis test with post hoc Dunn’s 
test (under normality violations) was performed. All hypothe-
ses were tested at 5% level of significance.

Results

Study Subjects

A total of 126 eligible subjects, 44 healthy and 82 with peri-
odontitis, were recruited. The participants were nonsmokers 
with a noncontributory medical history. All patients with peri-
odontitis were diagnosed with stage II and III periodontitis 
with a mean PD of 7.07 mm and clinical attachment loss of 
7.51 mm. The demographics of the study participants and 
assessments of related group differences corresponding to 
demographics (age and gender), periodontal parameters (clini-
cal attachment loss and PD), and regions of tissue harvest 
(maxillary and mandibular) are presented in Tables 3 to 6 in the 
Appendix. In Appendix Table 3, comparisons corresponding to 
subject demographics and periodontal parameters reveal sig-
nificant differences between the healthy and periodontitis 
groups. For subgroup analyses, subjects were further allocated 
according to their age and clinical diagnoses as follows: 28 
young healthy, 33 young periodontitis, 16 aged healthy, and 49 
aged periodontitis. The mean age of the subjects was 35.25 y 
for young healthy, 41.67 y for young periodontitis, 67.75 y for 
aged healthy, and 66.20 y for aged periodontitis. In Appendix 
Table 4, significant differences in age (as expected) were 
observed when comparing young versus aged subgroups 
within the healthy and periodontitis groups, whereas signifi-
cant differences in PD were observed only within the healthy 
group. Furthermore, comparisons corresponding to demo-
graphics and periodontal parameters also revealed significant 
differences between the 4 subgroups (see Appendix Table 5), 
with the adjusted post hoc P values from 2-group multiple 
comparisons presented in Appendix Table 6.

Periodontitis Lesions Present Increased Levels  
of Markers Associated with Senescence

The extent of senescence in the gingival tissues was examined 
first through monitoring the levels of p16 and lipofuscin. 

Increased gingival p16 gene expression was noted in patients 
compared with healthy subjects, suggesting enhanced activity 
of cell cycle arrest pathways during periodontitis (Fig. 1A). 
Following age-based classification, at the gene level, p16 
expression was significantly elevated in both young and aged 
subjects with periodontitis compared with the healthy groups 
as well as in older patients with periodontitis compared with 
the younger diseased group (Fig. 1B). Further analysis at the 
protein level using immunofluorescence confirmed the 
increased number of p16-positive cells both in connective and 
epithelial tissues. displaying more abundance within the epi-
thelium (Fig. 1C, D).

Similarly, there was a significant increase in the accumula-
tion of lipofuscin in periodontitis lesions compared with 
healthy tissues, primarily concentrated in the connective tissue 
region (Fig. 2A). Further analyses across different age groups 
revealed notably elevated gingival lipofuscin in both young 
and older periodontitis patients, in which a significant buildup 
was detected in older periodontitis lesions compared with the 
young healthy group (Fig. 2B, C). These findings support the 
emerging concept that various stressors can induce premature 
senescence, potentially leading to accelerated aging in younger 
populations. This deleterious effect gradually accumulates 
over time in the oral mucosa, likely contributing to and exacer-
bating the development of periodontal diseases.

SA-β-Galactosidase Is Heightened in Periodontitis 
Lesions, Unveiling a Distinct Colocalization  
with Gingival Macrophages and Fibroblasts

Another well-recognized biological marker of senescence is 
SA-β-galactosidase, which signifies distinctive metabolic 
alterations and a conspicuous augmentation in lysosomal mass 
within senescent cells (González-Gualda et al. 2021; Huang  
et al. 2022). Consistently, gingival tissue SA-β-galactosidase 
activity was also significantly elevated in the periodontitis 
lesions of both age groups compared with the age-matched 
healthy sites, validating elevated senescence features in the 
course of periodontitis (Fig. 3A–C). To determine the cells that 
are sensitive to senescence within the connective tissue, we 
conducted immunofluorescence staining with β-galactosidase, 
macrophage-(CD68), and fibroblast-specific (TE7) antibodies 
and noted significant enrichment of β-galactosidase in macro-
phages (Fig. 3D, E) and fibroblasts (Fig. 3F, G) within the peri-
odontitis lesions compared with healthy samples.

Periodontitis Lesions Present Elevated 
Inflammatory Milieu Consistent with SASP

The pathophysiology of periodontitis shares common molecu-
lar characteristics with SASP and inflammaging (Ebersole and 
Gonzalez 2020; Albuquerque-Souza et al. 2022). To further 
characterize senescence-like features in the course of peri-
odontitis, we assessed the expression of common SASP media-
tors, including IL-1β, IL-6, IL-8, MMP-1, MMP-3, and TNF-α. 
As anticipated, the mRNA levels of all mediators were elevated 
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in periodontitis lesions compared with healthy tis-
sues (Fig. 4A–L). While we observed a trend 
toward increased SASP factors in older tissues 
with periodontitis, the levels remain comparable in 
young and aged groups. Notably, the gingival 
expression of inflammatory mediators consistent 
with SASP remained at baseline among healthy 
groups, with the exception of IL-8, in which 
healthy aged tissues showed significantly elevated 
expression of this chemokine when compared with 
younger healthy counterparts, implying a unique 
role for this chemokine in aging gingiva (Fig. 4F). 
Overall, our findings suggest that a gingival tissue 
microenvironment inflicted with inflammation can 
elicit senescence-associated cellular and tissue 
alterations, which can be the drivers of the transi-
tion from health to disease as illustrated (Fig. 5).

Discussion
Senescent cells enter a state of cellular growth 
arrest, making them resistant to apoptosis and 
compromising cellular and tissue repair mecha-
nisms (Zhu et al. 2024). Despite their lower num-
bers, they release inflammatory mediators and 
proteases as well as significantly transform neigh-
boring cells, eliciting substantial metabolic and 
functional alterations, inflammation, and tissue 
damage. To our knowledge, this is the first clinical 
study in a well-defined population that concur-
rently assessed multiple molecular signatures of 
senescence in the periodontal tissues following 
recent consensus (Gil 2023). Our results showed 
increased senescence phenotype in the gingival tis-
sues of periodontitis patients compared with 
healthy subjects and revealed evidence of senes-
cence-related alterations in younger tissues affected by peri-
odontitis. We also uncovered insights about the specific cell 
types that are sensitive to senescence within the periodontium. 
These findings provide critical information to fill the knowl-
edge gap between preclinical and translational studies.

Senescent cells, specifically p16high cells, have emerged as 
contributors to the pathophysiology of chronic disorders 
(Huang et al. 2022). The selective elimination of p16-express-
ing cells expands the life span and improves clinical outcomes 
in several conditions such as pulmonary diseases, neuropathy, 
and osteoarthritis (Baker et al. 2016; Jeon et al. 2017; Acklin et 
al. 2020; Chaib et al. 2022; Kaur et al. 2023). Here, we showed 
that gingival tissues obtained from periodontitis patients exhib-
ited higher levels of p16, which is an observation consistent 
with prior preclinical studies indicating that, similar to other 
tissues, cell cycle arrest occurring in p16-expressing cells can 
potentially impair cellular function and tissue response and 
foster disease in the oral cavity as well (Zhang et al. 2019; 
Albuquerque-Souza et al. 2022). Further supporting this 
notion, prolonged exposure to Fusobacterim nucleatum, a 
periodontal pathogen associated with several comorbidities, has 

been shown to trigger senescence-like features in gingival kerati-
nocytes, including elevated p16 levels, and subsequently 
impair regenerative capacity (Albuquerque-Souza et al. 2023). 
It is noteworthy that p16, the key factor in the maintenance of 
senescence, can also increase as part of inflammation and can-
not be used by itself to define a senescent state. There are also 
alternative pathways, such as the p53/p21 pathway, which pre-
dominantly controls the initiation of cell cycle arrest, that were 
not assessed in this study (Idda et al. 2020). Thus, due to the 
multifaceted nature of the senescence response, future research 
should employ more comprehensive tools, facilitating global 
network analyses at the molecular and cellular level for a thor-
ough characterization of gingival tissue senescence (Zhu et al. 
2024).

Another novel finding of our study was the detection of sig-
nificantly elevated lipofuscin deposition in periodontitis 
lesions, indicative of oxidative stress and lysosomal dysfunc-
tion (Skoczyńska et al. 2017; Kakimoto et al. 2019). Elevated 
lipofuscin levels in younger patients likely stem from subtoxic 
oxidative stress–induced cellular damage, leading to premature 
senescence. This heightened oxidative nature of lipofuscin 

Figure 1.  P16 levels in the gingival tissues of healthy and periodontitis subjects. (A) 
Comparison of relative mRNA expression of P16 between healthy sites (n = 31) and 
periodontitis lesions (n = 44). (B) Relative mRNA expression of P16 in healthy and 
periodontitis samples from both young and aged populations (healthy young: n = 21, 
healthy aged: n = 10, periodontitis young: n = 20, periodontitis aged: n = 24). (C) 
Representative immunofluorescence images of p16 (red) in human gingival tissues from 
healthy and periodontitis aged subjects (magnification 40×). (D) Quantification of the 
relative fluorescence intensity of p16 (healthy: n = 7, periodontitis: n = 9). Individual 
data points are plotted, and the averages are shown. The difference between the  
2 groups was statistically analyzed by Mann-Whitney U test. Kruskal-Wallis with  
post hoc Dunn’s test was performed for multiple comparisons. *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, ****P ≤ 0.0001.
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poses a threat to cellular integrity and may contribute to peri-
odontal disease pathogenesis. Dysregulated inflammation, 
along with senescent cells and lipofuscinogenesis, can perpetu-
ate a vicious cycle in oral mucosa pathology. Similar mecha-
nisms are observed in various age-related conditions across 
different organs (Skoczyńska et al. 2017; Moreno-García et al. 
2018; Kakimoto et al. 2019; Blasiak 2020; Keshavjee et al. 
2022). Animal models demonstrate how stress-induced liver 
disease and traumatic injury to the brain trigger premature 
senescence, accentuated by lipofuscin accumulation (Ritzel  
et al. 2019; Keshavjee et al. 2022). Thus, understanding the 
interplay between senescence, lysosomal dysfunction, and 
lipofuscin deposition is crucial for elucidating oral cavity dis-
ease mechanisms as well.

Senescence-associated changes in lysosomal function can 
also be detected through SA-β-galactosidase activity, marked 
by an insoluble, blue stain at pH 6.0, distinct from the pH 4.0 
activity seen in nonsenescent cells (González-Gualda et al. 
2021). The coexistence of lipofuscin and SA-β-galactosidase in 
tissues has significant implications for senescence, with SA-β-
galactosidase activity being more prominent and lipofuscin 
accumulation progressing gradually (Georgakopoulou et al. 
2013). Further verifying the senescence-like features in the 
milieu of clinical periodontitis, elevated SA-β-galactosidase 
was observed in the gingival tissues of periodontitis patients 
that were enriched in macrophages and fibroblasts. Studies in 
aged mice and in vitro models confirm increased SA-β-
galactosidase in gingival fibroblasts, particularly under oxida-
tive stress (Furukawa et al. 2022). Fibroblasts have been 
identified as one of the most vulnerable cell types to senescence 
across many other tissues as well (Furukawa et al. 2022; Huang 

et al. 2022; Cohn et al. 2023). Macrophages also exhibit senes-
cence-like characteristics, showing differences in gene expres-
sion of proinflammatory genes along with dysregulation of 
other immune-related genes between old and young mice 
(Aquino-Martinez et al. 2020; Clark et al. 2020). Similar out-
comes are observed in other periodontal tissue cells, such as 
senescent osteocytes disrupting alveolar bone formation by 
impeding the migration of osteoprogenitor cells in response to 
lipopolysaccharide (Aquino-Martinez et al. 2020). F. nucleatum 
is also reported to induce senescence-like alterations in human 
gingival fibroblasts and keratinocytes, highlighting a potential 
role for microbial signals in modulating senescence responses, 
alongside danger signals such as nucleic acids activating TLR9 
to induce senescence-like changes and osteoclastogenesis in 
periodontal tissues (Ahn et al. 2017; Albuquerque-Souza et al. 
2022; Albuquerque-Souza et al. 2023).

Senescent cells are metabolically active and vigorous 
sources of inflammation and tissue-destructive enzymes them-
selves and can drive tissue and organ dysfunction through 
interfering with the function of neighboring cells, thereby 
establishing a damaging cycle (Fafián-Labora and O’Loghlen 
2020; Chaib et al. 2022; Huang et al. 2022). Increased expres-
sion of inflammatory mediators consistent with SASP was 
observed in periodontitis lesions compared with healthy tis-
sues. Notably, IL-8 expression was significantly higher in aged 
tissues compared with younger counterparts among healthy 
groups, suggesting a unique role for IL-8 in mediating senes-
cence-related events in gingival tissues. However, SASP fac-
tors alone do not suffice to define a senescent state as they can 
originate from diverse cell types. For instance, it has been 
shown that p16INK4a could induce senescence without eliciting 

Figure 2.  Lipofuscin deposition in the gingival tissues of healthy and periodontitis subjects. (A) Quantification of Sudan Black B (SBB)–positive cells/
field between healthy sites (n = 15) versus periodontitis lesions (n = 22). (B) Representative images of gingival tissue biopsies from healthy young, 
periodontitis young, healthy aged, and periodontitis aged patients stained with SBB (magnification 40×). White arrows indicate SBB-positive cells.  
(C) Quantification of SBB-positive cells/field stratified by age (healthy young: n = 8, healthy aged: n = 7, periodontitis young: n = 10, periodontitis aged: 
n = 12). Individual data points are plotted, and the averages are shown. The difference between the 2 groups was statistically analyzed by Mann-Whitney 
U test. Kruskal-Wallis with post hoc Dunn’s test was performed for multiple comparisons. *P ≤ 0.05, ***P ≤ 0.001. Ge, gingival epithelium; Ct, connective 
tissue.
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SASP (Coppé et al. 2011). Similarly, gingival fibroblasts 
undergoing replicative senescence do not exhibit SASP (Páez 
et al. 2020). In addition, the quantity and characteristics of 
SASP vary depending on the cell type and inducer of senes-
cence. Various stressors, such as hyperglycemia, can activate 

senescence pathways and SASP, involving inflammatory sig-
naling pathways such as NF-κB, which is implicated in peri-
odontitis pathogenesis (Li et al. 2019; Zhang et al. 2019; 
Mooney et al. 2021; Aquino-Martinez 2023). Thus, under-
standing the interactions between SASP mediators, NF-κB, 

Figure 3.  SA-β-galactosidase levels in the gingival tissues of healthy and periodontitis subjects. (A) Quantification of the percentage of the SA-β-
galactosidase–positive area between healthy sites (n = 10) and periodontitis lesions (n = 10). (B) Representative images of gingival tissue biopsies from 
healthy young, periodontitis young, healthy aged, and periodontitis aged patients stained with SA-β-galactosidase (magnification 20×; healthy young: 
n = 5, healthy aged: n = 5, periodontitis young: n = 5, periodontitis aged: n = 5). (C) Quantification of the percentage of SA-β-galactosidase–positive 
area stratified by age (magnification 20×). (D) Representative immunofluorescence images of β-galactosidase (green) and CD68 (red) in human gingival 
tissues from healthy and periodontitis subjects (magnification 40×). (E) Quantification of the percentage of colocalization of β-galactosidase and CD68 
(healthy: n = 8, periodontitis: n = 11). (F) Representative immunofluorescence images of β-galactosidase (green) and TE7 (red) in human gingival tissues 
from healthy and periodontitis subjects (magnification 40×). (G) Quantification of the percentage of colocalization of β-galactosidase and TE7 (healthy: 
n = 8, periodontitis: n = 13). Individual data points are plotted, and the averages are shown. The difference between the 2 groups was statistically 
analyzed by unpaired t test (A, E) and Mann-Whitney U test (G). One-way analysis of variance with Tukey’s post hoc test was performed for multiple 
comparisons (C). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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and other signaling pathways in different cells could lead to 
novel strategies to maintain oral health. While the primary 
objective of this study was to examine gingival tissue senes-
cence in periodontitis, further investigations into SASP factors 
in gingival crevicular fluid samples and senescence response 
during gingivitis are warranted to complement our findings.

In conclusion, our clinical findings substantiate the preclin-
ical investigations and reveal that gingival tissues can 

be sensitive to senescence and senescence-related metabolic 
alterations, which can affect the trajectory of periodontal health 
(Fig. 5). Numerous studies have reported that eliminating 
senescent cells can alleviate disease in aging-related comor-
bidities (Chaib et al. 2022). Since persistent inflammation and 
senescence mutually reinforce each other, reducing senescent 
cells and their secretome holds promise in potentially alleviat-
ing periodontal diseases as well (Fig. 5). Similarly, successful 

Figure 4.  Inflammatory mediators  consistent with SASP in the gingival tissues of healthy and periodontitis subjects. Relative mRNA expression of 
IL-1β (healthy young: n = 8, healthy aged: n = 7, periodontitis young: n = 19, periodontitis aged: n = 21) (A, B), IL-6 (healthy young: n = 8, healthy 
aged: n = 7, periodontitis young: n = 15, periodontitis aged: n = 21) (C, D), IL-8 (healthy young: n = 14, healthy aged: n = 6, periodontitis young: n = 
19, periodontitis aged: n = 21) (E, F), TNF-α (healthy young: n = 8, healthy aged: n = 7, periodontitis young: n = 18, periodontitis aged: n = 21) (G, 
H), MMP-1 (healthy young: n = 8, healthy aged: n = 7, periodontitis young: n = 19, periodontitis aged: n = 21) (I, J), and MMP-3 (healthy young: n = 
8, healthy aged: n = 7, periodontitis young: n = 19, periodontitis aged: n = 21) (K, L) in healthy and periodontitis samples from both young and aged. 
Individual data points are plotted, and the averages are shown. The difference between the 2 groups was statistically analyzed by Mann-Whitney U test. 
Kruskal-Wallis with post hoc Dunn’s test was performed for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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management of periodontal diseases may improve senescence-
related alterations in the oral mucosa, ultimately fostering 
healthy aging, thus warranting further investigation. Finally, 
while preclinical studies have indicated a sensitivity to DNA 
damage and senescence in females, there is still a significant 
lack of clinical research regarding the influence of biological 
sex on the senescence response (Olivieri et al. 2023). Variations 
in gingival tissue biology between sexes have been observed, 
suggesting that gender itself may influence susceptibility to 
periodontitis (Ebersole et al. 2023). Hence, future studies are 
warranted ideally involving population-based cohorts and more 
comprehensive tools and global data sets to thoroughly charac-
terize cell- and tissue-specific interactions across diverse sexes 
and demographics and ascertain whether targeting senescence 
and the senescence-associated secretome could present a novel 
strategy for preserving periodontal health (Zhu et al. 2024).
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