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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 P-galactosidase) and inflammatory mediators (interleukin [IL]-1f, IL-6, IL-8, matrix metalloproteinase [MMP]-I,
MMP-3, and tumor necrosis factor—o)). Our results showed significantly increased senescence features including p16, lipofuscin, and
B-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 P-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 pl16/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 (Skoczynska
et al. 2017; Kakimoto et al. 2019). Similarly, increased SA-f3-
galactosidase is another common characteristic of senescent
cells that indicates metabolic and lysosomal alterations (Gonzalez-
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 pl6, lipofuscin, and
[-galactosidase and inflammatory mediators associated with
SASP such as interleukin (IL)-1p, IL-6, IL-8, tumor necrosis
factor (TNF)—a, 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 55y
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 pm 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 40x 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-B-Galactosidase Activity

The samples were stained with SA-f-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 20x resolution
using a microscope (Leica) in a blinded manner. The SA-B-
galactosidase—positive areas were quantified using ImagelJ Fiji
software by automated image acquisition. The percentage of
the positive areas was calculated as a stained area/total tissue
area x 100 (Jannone et al. 2020). Details are in the Appendix.

Immunofluorescence

Immunofluorescence staining for p16, B-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 40x
magnification. The relative fluorescence intensity and the per-
centage of colocalization were calculated using ImagelJ 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 ¢ 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 pl6 and lipofuscin.

Increased gingival pl6 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, pl6
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-B-Galactosidase Is Heightened in Periodontitis
Lesions, Unveiling a Distinct Colocalization
with Gingival Macrophages and Fibroblasts

Another well-recognized biological marker of senescence is
SA-B-galactosidase, which signifies distinctive metabolic
alterations and a conspicuous augmentation in lysosomal mass
within senescent cells (Gonzalez-Gualda et al. 2021; Huang
et al. 2022). Consistently, gingival tissue SA-p-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 [3-galactosidase,
macrophage-(CD68), and fibroblast-specific (TE7) antibodies
and noted significant enrichment of -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-1f, IL-6, IL-8, MMP-1, MMP-3, and TNF-q..
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
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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 p16"eh 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 pl6-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

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, ¥*F+P < 0.0001.

been shown to trigger senescence-like features in gingival kerati-
nocytes, including elevated pl16 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 (Skoczynska 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
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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 40x). 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.

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 (Skoczynska et al. 2017; Moreno-Garcia 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-B-galactosidase activity, marked
by an insoluble, blue stain at pH 6.0, distinct from the pH 4.0
activity seen in nonsenescent cells (Gonzalez-Gualda et al.
2021). The coexistence of lipofuscin and SA-3-galactosidase in
tissues has significant implications for senescence, with SA-f3-
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-B-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-(-
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 proinflaimmatory 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 (Fafian-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, [L-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 p16™* could induce senescence without eliciting



Molecular Signatures of Senescence in Periodontitis 805

A B Healthy Periodontitis C

u h
Nl L e Young
\ ’
E” i Al ey o Aged
© Vo= 4
2 S \\.__-»'\—v-’ «© -
& e =
@ ®© 1.5= -
- = g
= = * 8
g 3 S s = )
o5 = @ o L
Sa " 2 1.04
: » - o
@ © 58 Ew ®* —
"l -] ®® o]
it~} - B [T -1 -
oW < Btk ] °
a9 o ~ P LA i 2 S 054
@ G @ i = O M o8 LX)
£ © =] MR SN £ © %o
Fs < \ \ = °
© \ Fs
-] ) ~ -] )
o0 0t—— % =00 o
x Healthy Periodontitis 7 Healthy  Periodontitis
D DAPI B-galactosidase CD68 Merge E
[~}
8 0.6+
) © ®
= ° o
P Ec
T ® 2 0.4-
s 2 8
v (&) —
P £ 2 0.2 oo
= g8
= ® O 8
= =
= ? o
2 - ﬁ‘; o
5 ° 0.0-
o = ’

Healthy Periodontitis

F DAPI B-galactosidase Merge

w
1

Healthy

colocalization
N
1

% B-galactosidase and TE-7
00 Lo Foo oo o
()

@

b= 14

=

S ®

(=]

% oL =8 °

o Healthy Periodontitis

Figure 3. SA-B-galactosidase levels in the gingival tissues of healthy and periodontitis subjects. (A) Quantification of the percentage of the SA-f3-
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-B-galactosidase (magnification 20x; healthy young:

n =5, healthy aged: n = 5, periodontitis young: n = 5, periodontitis aged: n = 5). (C) Quantification of the percentage of SA-B-galactosidase—positive
area stratified by age (magnification 20x). (D) Representative immunofluorescence images of 3-galactosidase (green) and CD68 (red) in human gingival
tissues from healthy and periodontitis subjects (magnification 40x). (E) Quantification of the percentage of colocalization of [3-galactosidase and CD68
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SASP (Coppé et al. 2011). Similarly, gingival fibroblasts senescence pathways and SASP, involving inflammatory sig-
undergoing replicative senescence do not exhibit SASP (Péez naling pathways such as NF-xB, which is implicated in peri-
et al. 2020). In addition, the quantity and characteristics of odontitis pathogenesis (Li et al. 2019; Zhang et al. 2019;
SASP vary depending on the cell type and inducer of senes- Mooney et al. 2021; Aquino-Martinez 2023). Thus, under-
cence. Various stressors, such as hyperglycemia, can activate standing the interactions between SASP mediators, NF-«kB,
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Figure 4. Inflammatory mediators consistent with SASP in the gingival tissues of healthy and periodontitis subjects. Relative mRNA expression of
IL-1B (healthy young: n = 8, healthy aged: n = 7, periodontitis young: n = |9, periodontitis aged: n = 21) (A, B), IL-6 (healthy young: n = 8, healthy

aged: n = 7, periodontitis young: n = |5, 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-a (healthy young: n = 8, healthy aged: n = 7, periodontitis young: n = 18, periodontitis aged: n = 21) (G,

H), MMP-| (healthy young: n = 8, healthy aged: n = 7, periodontitis young: n = |9, periodontitis aged: n = 21) (1, 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.

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



Molecular Signatures of Senescence in Periodontitis

807

CHRONIC
INFLAMMATION

SUSCEPTIBLE

IMPAIRED
HOMEOSTASIS

oF
e Metabolic
o2 atteration
S

Inflammatory
milieu

Figure 5. Conceptual model illustrating the impact of cellular
senescence on periodontal health. The interplay between chronic
inflammation, senescence, and host susceptibility can collectively
establish a damaging cycle, disrupting tissue homeostasis. Elevated pl6
expression signals a tendency toward cell cycle arrest, hindering cellular
function and regenerative capabilities. Increased levels of [3-galactosidase
and lipofuscin deposition, coupled with heightened inflammation, imply
metabolic and lysosomal alterations. As a result, cellular senescence
likely plays a substantial role in the pathophysiology of periodontal
diseases.

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).

Author Contributions

K. Rattanaprukskul, S.E. Sahingur, contributed to conception,
design, data acquisition, analysis, and interpretation, drafted and
critically revised the manuscript; X.-J. Xia, M. Jiang, E.
Albuquerque-Souza, contributed to data acquisition, analysis, and
interpretation, critically revised the manuscript; D. Bandyopadhyay,
contributed to design, data analysis and interpretation, critically
revised the manuscript. All authors gave their final approval and
agree to be accountable for all aspects of work.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The authors disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: This
study was supported by US Public Health Service grants
RO1DE025037 and RO1DE027374 to S.E. Sahingur from National
Institute of Dental and Craniofacial Research/National Institute of
Health.

Data Availability Statement

The data that support the findings of this study are available from
the corresponding author upon request.

References

Acklin S, Zhang M, Du W, Zhao X, Plotkin M, Chang J, Campisi J, Zhou D,
Xia F. 2020. Depletion of senescent-like neuronal cells alleviates cisplatin-
induced peripheral neuropathy in mice. Sci Rep. 10(1):14170.

Ahn SH, Chun S, Park C, Lee JH, Lee SW, Lee TH. 2017. Transcriptome pro-
filing analysis of senescent gingival fibroblasts in response to fusobacte-
rium nucleatum infection. PLoS One. 12(11):¢0188755.

Albuquerque-Souza E, Crump KE, Rattanaprukskul K, Li Y, Shelling B, Xia-
Juan X, Jiang M, Sahingur SE. 2022. TLR9 mediates periodontal aging by
fostering senescence and inflammaging. J Dent Res. 101(13):1628-1636.

Albuquerque-Souza E, Shelling B, Jiang M, Xia XJ, Rattanaprukskul K,
Sahingur SE. 2023. Fusobacterium nucleatum triggers senescence pheno-
type in gingival epithelial cells. Mol Oral Microbiol. 39(2):29-39.

Aquino-Martinez R. 2023. The emerging role of accelerated cellular senescence
in periodontitis. J Dent Res. 102(8):854-862.

Aquino-Martinez R, Eckhardt BA, Rowsey JL, Fraser DG, Khosla S, Farr JN,
Monroe DG. 2020. Senescent cells exacerbate chronic inflammation and
contribute to periodontal disease progression in old mice. J Periodontol.
92(10):1483-1495.

Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ, Zhong J, Saltness RA,
Jeganathan KB, Verzosa GC, Pezeshki A, et al. 2016. Naturally occurring
pl6(Ink4a)-positive cells shorten healthy lifespan. Nature. 530(7589):184—
189.

Blasiak J. 2020. Senescence in the pathogenesis of age-related macular degen-
eration. Cell Mol Life Sci. 77(5):789-805.

Chaib S, Tchkonia T, Kirkland JL. 2022. Cellular senescence and senolytics:
the path to the clinic. Nat Med. 28(8):1556-1568.

Clark D, Brazina S, Yang F, Hu D, Hsieh CL, Niemi EC, Miclau T, Nakamura
MC, Marcucio R. 2020. Age-related changes to macrophages are detrimen-
tal to fracture healing in mice. Aging Cell. 19(3):e13112.

Cohn RL, Gasek NS, Kuchel GA, Xu M. 2023. The heterogeneity of cellular
senescence: insights at the single-cell level. Trends Cell Biol. 33(1):9-17.

Coppé JP, Rodier F, Patil CK, Freund A, Desprez PY, Campisi J. 2011. Tumor
suppressor and aging biomarker p16(Ink4a) induces cellular senescence
without the associated inflammatory secretory phenotype. J Biol Chem.
286(42):36396-36403.

Ebersole JL, Gonzalez OA. 2020. Cellular senescence in aging mucosal tissues
is accentuated by periodontitis. In: Sahingur SE, editor. Emerging therapies
in periodontics. Cham (Switzerland): Springer International. p. 97-111.

Ebersole JL, Kirakodu SS, Nguyen LM, Gonzalez OA. 2023. Sex and age effects
on healthy gingival transcriptomic patterns. J Dent Res. 102(8):947-956.

Eke PI, Borgnakke WS, Genco RJ. 2020. Recent epidemiologic trends in peri-
odontitis in the USA. Periodontol 2000. 82(1):257-267.

Fafian-Labora JA, O’Loghlen A. 2020. Classical and nonclassical intercellular
communication in senescence and ageing. Trends Cell Biol. 30(8):628-639.

Furukawa M, Matsuda K, Aoki Y, Yamada M, Wang J, Watanabe M, Kurosawa
M, Shikama Y, Matsushita K. 2022. Analysis of senescence in gingival tis-
sues and gingival fibroblast cultures. Clin Exp Dent Res. 8(4):939-949.

Georgakopoulou EA, Tsimaratou K, Evangelou K, Fernandez Marcos PJ,
Zoumpourlis V, Trougakos IP, Kletsas D, Bartek J, Serrano M, Gorgoulis
VG. 2013. Specific lipofuscin staining as a novel biomarker to detect
replicative and stress-induced senescence. A method applicable in cryo-
preserved and archival tissues. Aging (Albany NY). 5(1):37-50.

Gil J. 2023. The challenge of identifying senescent cells. Nat Cell Biol.
25(11):1554-1556.

Gonzalez-Gualda E, Baker AG, Fruk L, Mufoz-Espin D. 2021. A guide to
assessing cellular senescence in vitro and in vivo. FEBS J. 288(1):56-80.

Hajishengallis G. 2022. Interconnection of periodontal disease and comorbidi-
ties: evidence, mechanisms, and implications. Periodontol 2000. 89(1):9-18.



808

Journal of Dental Research 103(8)

Huang W, Hickson LJ, Eirin A, Kirkland JL, Lerman LO. 2022. Cellular senes-
cence: the good, the bad and the unknown. Nat Rev Nephrol. 18(10):611-627.

Idda ML, McClusky WG, Lodde V, Munk R, Abdelmohsen K, Rossi M,
Gorospe M. 2020. Survey of senescent cell markers with age in human tis-
sues. Aging (Albany NY). 12(5):4052-4066.

Jannone G, Rozzi M, Najimi M, Decottignies A, Sokal EM. 2020. An opti-
mized protocol for histochemical detection of senescence-associated beta-
galactosidase activity in cryopreserved liver tissue. J Histochem Cytochem.
68(4):269-278.

Jeon OH, Kim C, Laberge RM, Demaria M, Rathod S, Vasserot AP, Chung JW,
Kim DH, Poon Y, David N, et al. 2017. Local clearance of senescent cells
attenuates the development of post-traumatic osteoarthritis and creates a
pro-regenerative environment. Nat Med. 23(6):775-781.

Kakimoto Y, Okada C, Kawabe N, Sasaki A, Tsukamoto H, Nagao R, Osawa
M. 2019. Myocardial lipofuscin accumulation in ageing and sudden cardiac
death. Sci Rep. 9(1):3304.

Kaur G, Muthumalage T, Rahman I. 2023. Clearance of senescent cells reverts
the cigarette smoke-induced lung senescence and airspace enlargement in
p16-3MR mice. Aging Cell. 22(7):e13850.

Keshavjee B, Lambelet V, Coppola H, Viertl D, Prior JO, Kappeler L,
Armengaud JB, Chouraqui JP, Chehade H, Vanderriele PE, et al. 2022.
Stress-induced premature senescence related to oxidative stress in the
developmental programming of nonalcoholic fatty liver disease in a rat
model of intrauterine growth restriction. Antioxidants (Basel). 11(9):1695.

LiY, Mooney EC, Holden SE, Xia XJ, Cohen DJ, Walsh SW, Ma A, Sahingur
SE. 2019. A20 orchestrates inflammatory response in the oral mucosa
through restraining NF-«xB activity. J Immunol. 202(7):2044-2056.

Mooney EC, Holden SE, Xia XJ, Li Y, Jiang M, Banson CN, Zhu B, Sahingur
SE. 2021. Quercetin preserves oral cavity health by mitigating inflamma-
tion and microbial dysbiosis. Front Immunol. 12:774273.

Moreno-Garcia A, Kun A, Calero O, Medina M, Calero M. 2018. An overview
of the role of lipofuscin in age-related neurodegeneration. Front Neurosci.
12:464.

Newman MG, Klokkevold PR, Elangovan S, Kapila Y, Carranza FA, Takei H.
2023. Periodontal surgical therapy. Newman and Carranza’s clinical peri-
odontology and implantology. In: Fermin AC, editor. 14th ed. Saunders.
Henry Takei Elsevier Publishing: Amsterdam, Netherlands. p. 730-749.

Olivieri F, Marchegiani F, Matacchione G, Giuliani A, Ramini D, Fazioli F,
Sabbatinelli J, Bonafée M. 2023. Sex/gender-related differences in inflam-
maging. Mech Ageing Dev. 211:111792.

Péaez J, Hernandez R, Espinoza J, Rojas L, Martinez CE, Tobar N, Martinez
J, Smith PC. 2020. Uncoupled inflammatory, proliferative, and cytoskel-
etal responses in senescent human gingival fibroblasts. J Periodontal Res.
55(3):432-440.

Papapanou PN, Sanz M, Buduneli N, Dietrich T, Feres M, Fine DH, Flemmig
TF, Garcia R, Giannobile WV, Graziani F, et al. 2018. Periodontitis: con-
sensus report of workgroup 2 of the 2017 world workshop on the classifica-
tion of periodontal and peri-implant diseases and conditions. J Periodontol.
89(suppl 1):S173-S182.

Ritzel RM, Doran SJ, Glaser EP, Meadows VE, Faden Al, Stoica BA, Loane
DJ. 2019. Old age increases microglial senescence, exacerbates secondary
neuroinflammation, and worsens neurological outcomes after acute trau-
matic brain injury in mice. Neurobiol Aging. 77:194-206.

Sahingur S. 2020. Evolving paradigms in the pathogensis and management of
periodontitis. In: Sahingur S, editor. Emerging therapies in periodontics.
Cham (Switzerland): Springer International. p. 3—12.

Skoczyfiska A, Budzisz E, Trznadel-Grodzka E, Rotsztejn H. 2017. Melanin
and lipofuscin as hallmarks of skin aging. Postepy Dermatol Alergol.
34(2):97-103.

Zhang P, Wang Q, Nie L, Zhu R, Zhou X, Zhao P, Ji N, Liang X, Ding Y, Yuan
Q, et al. 2019. Hyperglycemia-induced inflamm-aging accelerates gingival
senescence via NLRC4 phosphorylation. J Biol Chem. 294(49):18807—18819.

Zhu Y, Anastasiadis ZP, Espindola Netto JM, Evans T, Tchkonia T, Kirkland
JL. 2024. Past and future directions for research on cellular senescence.
Cold Spring Harb Perspect Med. 14(2):a041205.



