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Abstract Aging is associated with increased preva-
lence and severity of pathogenic outcomes of periodon-
tal disease, including soft tissue degeneration and bone
loss around the teeth. Although lipopolysaccharide
(LPS) derived from the key periodontal pathogen
Porphyromonas gingivalis (Pg) plays an important role
in the promotion of inflammation and osteoclastogene-
sis via toll-like receptor (TLR)4 signaling, its patho-
physiological role in age-associated periodontitis re-
mains unclear. This study investigated the possible ef-
fects of Pg-LPS on RANKL-primed osteoclastogenesis
and ligature-induced periodontitis in relation to aging
using young (2 months old) and aged (24 months old)
mice. To the best of our knowledge, our results indicat-
ed that expression of TLR4 was significantly dimin-
ished on the surface of osteoclast precursors isolated
from aged mice compared with that of young mice.
Furthermore, our data demonstrated that the TLR4 an-
tagonist (TAK242) dramatically decreased the numbers
of tartrate-resistant acid phosphatase positive (TRAP+)
osteoclasts differentiated from RANKL-primed young

osteoclast precursors (OCPs) compared with those iso-
lated from agedmice in response toPg-LPS. In addition,
using a ligature-induced periodontitis mouse model, we
demonstrated that Pg-LPS elevated (1) secretion of
senescence-associated secretory phenotype (SASP)
markers, including the pro-inflammatory cytokines
TNF-α, IL-6, and IL-1β, as well as osteoclastogenic
RANKL, and (2) the number of OCPs and TRAP+
osteoclasts in the periodontal lesion induced in young
mice. In contrast, Pg-LPS had little, or no, effect on the
promotion of periodontitis inflammation induced in
aged mice. Altogether, these results indicated that peri-
odontal disease in older mice occurs in a manner inde-
pendent of canonical signaling elicited by the Pg-LPS/
TLR4 axis.
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Introduction

Periodontal disease is one of the most prevalent chronic
age-associated infectious diseases affecting humans.
Pathologic manifestations are characterized by soft tis-
sue degeneration and alveolar bone loss around the teeth
in association with oral microbial dysbiosis [11].
Alarming epidemiological data indicates that around
70% of senior patients at age over 65 years old suffer
from some type of periodontal disease, compared with
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40% of that incidence in the young and middle-aged
population [15, 16].

It is commonly accepted that elevated alveolar bone
loss in aged patients as well as in various animal models
of bone osteolysis is associated with enhanced forma-
tion osteoclast derived from the hematopoietic progen-
itors of monocytes/macrophages and serves as the prin-
cipal bone resorptive cells [24]. Osteoclast formation is
critically induced by the receptor activators of nuclear
factor-κB ligand (RANKL). It is true that one of the
main characteristics of elevated alveolar bone loss, as
well as other osteolytic lesions, e.g., osteoporosis, in
aged patients is the heightened concentrations of
RANKL compared with those in young patients [17].
In addition to RANKL, a distinct panel of pro-
inflammatory cytokines, including, for example, tumor
necrosis factor alpha (TNF-α), interleukin-1β (IL-1β),
and IL-6, collectively termed senescence-associated se-
cretory phenotype (SASP) elevates osteoclast activity,
particularly in states of age-associated periodontitis [8,
37].

Although bacterial dysbiosis is thought to be linked
to the pathogenesis of periodontitis, the role played by
oral bacteria in age-associated periodontitis is not clearly
understood. Porphyromonas gingivalis, an oral Gram-
negative pathogen that colonizes in the oral cavity, is a
keystone pathogen that elicits dysbiosis-mediated in-
flammation, resulting in the development of chronic
periodontitis [23, 35, 36]. Furthermore, it was demon-
strated that aging increases the colonization of
P. gingivalis and reduces bacterial diversity in a mouse
model of periodontitis [46]. Accumulated lines of evi-
dence indicate that the lipopolysaccharide (LPS) located
in the outer membrane of P. gingivalis (Pg-LPS) is
considered one of the main pathogenic factors eliciting
immune-inflammatory responses leading to elevated lo-
cal production of osteogenic RANKL and osteoclast
differentiation in the periodontitis lesions [20, 25, 41]
via its ligationwith toll-like receptor-(TLR)4 [31, 48]. In
addition, the inflammatory contribution from Pg-LPS is
connected to other age-associated diseases such as ath-
erosclerosis and Alzheimer’s disease [40, 42].

Although chronic periodontitis is considered to be an
age-associated disease, most of the published pre-
clinical studies for Pg-LPS-elicited inflammation are
performed using cells isolated from either young mice
(less than 12 weeks old) or healthy human individuals
younger than 20 years old [21, 31]. We, however,
recently demonstrated that the expression of TLR4 is

significantly reduced on the surface of peritoneal mac-
rophages isolated from aged mice compared with that of
young mice [47]. Thus, this study aimed to evaluate the
age-related impact of Pg-LPS on RANKL-primed oste-
oclastogenesis in vitro, as well as in an experimental
model of ligature-induced periodontitis using young
(2 months old and aged 24 months old) mice.

Our results indicated that the expression of TLR4 on
the cell surface of osteoclast precursors (OCPs) dimin-
ished along with the aging of mice. Furthermore, we
demonstrated that Pg-LPS significantly elevated
RANKL-mediated osteoclastogenesis as well as in-
creased the number of OCPs and TRAP+ cells in the
periodontal lesions induced in young mice compared
with those in aged mice.

Material and methods

Animals

Young (2 months old) and aged (24 months old) CSF1r-
eGFP knock-in (KI) mice (Jackson Laboratory) and
their wild-type (WT) C57BL/6 mice were used in this
study. WT mice in this study were obtained from the
National Institute on Aging Aged Rodent Colony. The
mice were kept on a 12-h light-dark cycle at constant
temperature, with free access to food and water. This
study was conducted in strict accordance with the Guide
for the Care and Use of Laboratory Animals of the
National Institutes of Health, and the experimental pro-
cedures were approved by the Institutional Animal Care
and Use Committee at Forsyth Institute and Nova
Southeastern University.

Mouse models of periodontitis

To induce periodontal bone loss, a mouse model of
ligature-induced periodontitis was employed as we de-
scribed earlier [30, 45]. Briefly, young and aged male
mice were randomly divided into three groups (n = 6
mice/group): (I) control, no ligature, (II) group receiving
ligation alone, followed by a local injection of
phosphate-buffered saline (PBS) solution containing ul-
trapure Pg-LPS (10 μg/μl; InVivoGen) into palatal gin-
gival tissue between the maxillary first and second mo-
lars, and (III) group receiving ligation, followed by a
local injection of PBS solution only. To induce bone
loss, animals from the groups II and III were
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anesthetized by an intraperitoneal (i.p.) injection of KX
cocktail to minimize discomfort and pain, and then a silk
ligature (5.0 size; Johnson & Johnson) was placed and a
knot made by tying the ligatured ends at the palatal site
of the upper left second molar with assistant of Dumont
forceps assistance (Fine Science Tools). Then, a solu-
tion of Pg-LPS (group III) in PBS or control PBS alone
(groups I and II) was injected once every other day using
a 10-μl NanoFill syringe with attached 33G needle
(WPI). The injection of each solution was performed
by the same operator in the morning between 8:00 and
10:00 am. At day 8, mice were euthanized, and tissues
were collected for analysis of cytokine production and
immunohistochemistry.

Preparation of gingival tissue homogenates
for enzyme-linked immunosorbent assay

Gingival tissues were homogenized with a Dounce
glass homogenizer in PBS supplemented with
0.05% Tween20 in the presence of 10 μg/ml of
ethylenediaminetetraacetic acid (EDTA)-free prote-
ase inhibitor cocktail (Thermo Scientific™). The
suspension of homogenized tissue was centrifuged
at 1500 rpm and supernatant was harvested. Con-
centrations of RANKL, TNF-α, IL-1β, and IL-6
proteins were measured in the collected supernatant
using commercial sandwich enzyme-linked immu-
nosorbent assay (ELISA) kits (R&D) according to
the manufacturer’s instructions.

Histological staining of periodontal tissue sections

Maxilla bone collected from the euthanized mice was
fixed in 10% formaldehyde and then decalcified in 10%
EDTA solution. Decalcified samples were embedded in
paraffin and sectioned (6-μm thickness). Tartrate-
resistant acid phosphatase (TRAP) staining was per-
formed as previously described [29]. Briefly, tissue
sections were first incubated in 0.2 M acetate buffer
containing 50 mM L-(+)-tartaric acid (Sigma) at room
temperature and then in TRAP staining solution (0.2 M
acetate buffer, 50 mM L-(+)-tartaric acid, 0.5 mg/ml
naphthol AS-MX phosphate, and 1.1 mg/ml Fast Red
ASTR salt; Sigma) at 37 °C. Finally, the tissue sections
were counterstained with hematoxylin solution (Sigma)
at room temperature.

Multicolor flow cytometry of osteoclast precursors

Our recently published observations indicated that macro-
phages, as a source of OCPs, isolated from agedmice [47],
show reduced expression of TLR4 compared with that of
young mice. We also showed that CD11b+CSF1r-eGFP+

cells isolated from the spleen of Csf1r-eGFP-KI mice
could be characterized as OCPs [29], CD11b+ CSF1r-
eGFP+OCPs were FACS sorted from the spleen of young
and aged CSF1r-eGFP-KImice as we described elsewhere
[29]. Therefore, mononuclear cells collected from the
spleen of young and aged CSF1r-eGFP-KI mice were
stained with anti-mouse CD16/32 (Fc-blocking antibody,
BioLegend) and anti-CD11b conjugated to Pacific blue.
Then, the CD11b+CSF1r-eGFP+ cells were FACS sorted
using the BD FACSAria™ II Cell Sorter. To characterize
the age-dependent expressions of TLR2 and TLR4 on the
surface of OCPs, cells were additionally incubated with
anti-CD282-PE and anti-CD284-Alexa 647 (BioLegend).
To quantify the number of CD11b+CSF1r-eGFP+ OCPs
in the periodontal lesion, young and aged CSF1r-eGFP-KI
mice were euthanized 72 h after the ligature placement.
Then, whole maxillae with gingival tissue were dissected
and incubated in digestion buffer (1 mg/ml of Collagenase
D and 25 U/ml DNase I, both from Roche) in MEM-α
supplemented with 10% FBS at 37 °C for 60 min. Mono-
nuclear cells were separated from blood and tissue by
Ficoll histopaque-1083 (Sigma) density gradient and then
the cell interface (buffy coat) was washed with cold PBS.
Finally, the cells were incubatedwith anti-mouse CD16/32
followed by staining with anti-mouse CD11b Ab conju-
gated with Pacific blue (BioLegend). Data were acquired
on the BD FACSAria™ II Cell Sorter (BD Biosciences)
and analyzed using the FlowJo (ver. 10) software (Tree
Star, Ashland, OR).

RANKL-induced osteoclastogenesis and TRAP
staining in vitro

FACS-sorted CD11b+CSF1r-eGFP+ OCPs were seed-
ed in 96-well plates at a density of 1 × 104 cells/well in
α-MEM medium (Life Technologies) containing 10%
FBS (Atlanta Biologicals) and 30 ng/ml of M-CSF and
5 ng/ml of RANKL (BioLegend) recombinant proteins
in the presence or absence of various concentrations of
ultrapure Pg-LPS (1, or 10 ng/ml; InvivoGen), CU-
CPT22 (1 and 10 μM; TLR2 antagonist; Cayman
Chemical), and TAK242 (1 and 10 μM; TLR4 antago-
nist; Cayman Chemical). Five days later, cells were
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stained for tartrate-resistant acid phosphatase (TRAP)
using a leukocyte acid phosphatase kit (Sigma). TRAP-
positive (TRAP+) cells withmore than three nuclei were
considered mature osteoclasts and were microscopically
counted. The results were expressed as numbers per
well.

Statistical analysis

The collected data were analyzed using the Student’s t
test for the comparison between two groups, or a one-
way ANOVA with post hoc Tukey’s test for the com-
parisons among different groups. A p < 0.05 was con-
sidered statistically significant. Data were analyzed
using the Sigma Plot v.14 software.

Results

Aging impaired the expressions of TLR4 receptor
on the surface OCPs in vitro

Because it was reported that toll-like receptor (TLR)2
and TLR4 both play an essential role in periodontitis [1,
10, 22], we first assessed the age-dependent expressions
of the TLR2 and TLR4 receptors on the surface of
FACS-sorted CD11b+CSF1r-eGFP+ OCPs using a
flow cytometer. The expressions of TLR2 and TLR4
were significantly diminished on OCPs isolated from
aged CSF1r-eGFP-KI mice compared with those of
young mice (Fig. 1a–d). These results indicated that
the expressions of TLR2 and TLR4 on OCPs decline
with aging, which may negatively impact the engage-
ment of the Pg-LPS in periodontal bone loss associated
with aging.

Aging diminished effects of Pg-LPS
on RANKL-induced osteoclastogenesis in vitro

Some studies reported that the level of pathogenic bone
loss is positively correlated with the age in various
experimental models of periodontitis, as well as in pa-
tients with this disease [15, 46]. Therefore, we next
examined whether Pg-LPS elicits osteoclastogenesis in
relation to aging using RANKL-stimulated OCPs iso-
lated from the spleen of young and aged CSF1r-eGFP-
KI mice. We observed that Pg-LPS significantly en-
hanced the formation of TRAP+ cells in vitro from the
RANKL-primed young OCPs when compared with

aged OCPs (Fig. 2a and b). Furthermore, among the
tested TLR2 and TLR4 cell signal inhibitors, only the
TLR4 antagonist TAK242 dramatically decreased the
number of TRAP+ osteoclasts differentiated from Pg-
LPS-stimulated young OCPs compared with that isolat-
ed from aged mice, in response to priming by RANKL
(Fig. 2c and d). In contrast, the TLR2 antagonist (CU-
CPT22) had no effect on the osteoclast differentiation of
RANKL-primed young and aged OCPs exposed to Pg-
LPS (Fig. 2c and d). These observations implied that the
ligation of Pg-LPS with TLR4 promotes osteoclasto-
genesis induced in the young OCPs but not aged mice,
in vitro.

No effects of Pg-LPS on the infiltration of OCPs
and the number of TRAP+ osteoclasts on periodontal
lesions induced in aged mice

An essential advantage of the ligature placement around
a mouse molar is that it facilitates biofilm accumulation
leading to disruption of tissue homeostasis and alveolar
bone loss [28]. Consequently, we next evaluated the
impact of local injection of Pg-LPS on the ligature-
induced alveolar bone loss in young and aged CSF1r-
eGFP-KI mice. Using a multicolor flow cytometry as-
say, the number of infiltrating CD11b+CSF1r-eGFP+
OCPs in the experimental periodontitis lesions in rela-
tion to aging was quantified. To the best of our knowl-
edge, the ligature placement significantly elevated re-
cruitment of OCPs to periodontal lesions induced in
aged mice compared with that of young mice (Fig. 3a
and b). On the other hand, locally injected Pg-LPS
significantly increased the infiltration of OCPs in the
ligature-induced periodontal lesion of young CSF1r-
eGFP-KI mice compared with the groups of aged mice
(Fig. 3a and b), suggesting that migration of OCPs to
periodontal lesions was upregulated by local injection
with Pg-LPS only in the group of young CSF1r-eGFP-
KI mice, but not in the group of aged mice.

Then, we evaluated the number of TRAP+ osteo-
clasts in the ligature-induced periodontal lesions of
young and aged CSF1r-eGFP-KI mice exposed to Pg-
LPS. According to the histological images, we observed
that the numbers of TRAP+ cells in the ligature-induced
periodontal lesions of aged mice were remarkably
higher than those seen in the young group (Fig. 3c and
d). However, the number of TRAP+ cells was signifi-
cantly elevated in the periodontal lesions of young mice
that received additional local injection with Pg-LPS
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(Fig. 3c and d). By contrast, the local injection of Pg-
LPS to the ligatured site showed no significant effect on
the number of TRAP+ cells in the periodontal lesions of
the aged mice (Fig. 3c and d). Therefore, in the ligature-
induced periodontitis model, these results strongly sug-
gest that locally administered Pg-LPS elevated migra-
tion of OCPs and number of TRAP+ osteoclasts in
young, but not aged mice.

No effects of Pg-LPS on release
of senescence-associated secretory phenotype markers
and osteoclastogenic RANKL on periodontal lesions
of aged mice

In order to establish the age-dependent role of Pg-LPS
in the secretion of senescence-associated secretory phe-
notype (SASP), factors, including TNF-α, IL-6, and IL-
1β cytokines, as well as, osteogenic factor, RANKL, in
the homogenates of gingival tissue isolated from exper-
imental mice euthanized at day 8 were evaluated using
ELISA. In response to placing the ligature followed by
local injections of Pg-LPS, the concentrations of
TNF-α, IL-6, and IL-1β in the gingival tissue were
significantly elevated in the young mouse groups
(Fig. 4a–c). However, no significant increase in those
cytokine levels was detected in the gingival tissue of
aged mice that received a ligature placement followed

by Pg-LPS injection. Further, only young mice showed
a significantly elevated amount of RANKL in the
ligature-induced periodontal lesions followed by local
injections with Pg-LPS (Fig. 4d). On the other hand, the
Pg-LPS injection showed no effect on the RANKL
production in the periodontal lesions of aged mice
(Fig. 4d). Therefore, as shown in the concentrations of
SASP cytokines, osteogenic RANKL, and the number
of OCPs and TRAP+ osteoclasts in periodontal lesions,
these results indicate the presence of age-dependent
differences in the effects of Pg-LPS. The results also
suggest that the elevated periodontal inflammation in
aged mice, compared with that of young mice, occurs in
a manner independent from the canonical signaling
elicited by Pg-LPS/TLR4 activation.

Discussion

In this study, we aimed to examine the age-dependent
differences of P. gingivalis lipopolysaccharide (Pg-
LPS) on osteoclastogenesis in vitro as well as on peri-
odontal inflammation induced in young and aged mice.
Our results indicate that Pg-LPS significantly promotes
the secretion of SASP cytokines (TNF-α, IL-1β, and
IL-6), and osteoclastogenic RANKL as well as the
infiltration of OCPs and TRAP+ cells in the periodontal

Fig. 1 Age-dependent expressions of Pg-LPS receptors, TLR2,
and TLR4, on the surface of CD11b+CSF1r-eGFP+ OCPs. Oste-
oclast precursors (OCPs) were FACS sorted from the spleen of
young (2 months old) and aged (24 months old) CSF1r-eGFP-KI
mice and then were stimulated with macrophage colony-

stimulating factor (M-CSF) (30 ng/ml) and RANKL (5 ng/ml).
After 24 h of stimulation, the expression of TLR2 (a and b) and
TLR4 (c and d) was evaluated by multicolor flow cytometry.
***p < 0.001
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lesions of young mice compared with those in aged
mice. To the best of our knowledge, no previous studies
have compared the role of Pg-LPS as a contributing
factor to the pathogenesis of ligature-induced periodon-
titis in relation to aging. In this study, we also demon-
strated that both young and aged mice show elevated
periodontal bone loss in response to the ligature place-
ment in a manner independent of Pg-LPS indicating that
other virulence factors produced by oral bacteria may
also be associated with age-dependent periodontal bone
loss.

Published observations indicate that LPS is a major
constituent of the outer membrane of the key periodontal
pathogen P. gingivalis, which plays a crucial role in me-
diating periodontal inflammation and is predominately

mediated by toll-like receptor (TLR)4 signaling [3, 31,
48]. Furthermore, some studies have demonstrated that
Pg-LPS can also trigger pro-inflammatory signaling via
TLR2 [3]. Although the role of TLR4 as well as that of
TLR2 in periodontitis has been the focus of study for
several decades, their role in the Pg-LPS-elicited signaling
in the context of age-dependent deteriorated pathogenesis
of periodontitis remains controversial. In the current study,
we clearly demonstrated the age-dependent decline of
TLR2 and TLR4 expressions on the surface of OCPs
(Fig. 1). These data agree with earlier published observa-
tions indicating that expression of both TLR2 and TLR4 is
diminished in the various immune cells, including macro-
phages and fibroblasts, isolated from the aged mice com-
pared with that in young mice [5, 13, 14, 38, 39, 47]. By

Fig. 2 The effects of Pg-LPS and TLR’s antagonists on RANKL-
induced osteoclastogenesis in relation to aging. Microscopic eval-
uation (a) of the TRAP staining and quantification of the number
of TRAP+ multinucleated cells (b) in the RANKL-stimulated
young and aged OCPs exposed to Pg-LPS in vitro. Effects of
TLR4 (CAS 243984-11-4) and TLR2 antagonists (CU-CPT22) on

young (c) and aged (d) RANKL-stimulated OCPs exposed to Pg-
LPS. OCPs were FACS sorted from the spleen of young and aged
mice and then were stimulated with RANKL in the presence or
absence of various concentrations of Pg-LPS as well as TLR2 and
TLR4 antagonists. The cells were evaluated at day 6 after stimu-
lation. **p < 0.01, ***p < 0.001
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contrast, a study reported the absence of age-dependent
differences in the mRNA and protein expressions of both
TLR2 and TLR4 on macrophages [43]. However, a
heightened expression of TLR2 was observed in the aged
macrophages upon activation with live P. gingivalis com-
pared with that of the control young macrophages [27]. In

this study, we also reported that ligation ofPg-LPSwith its
TLR4 receptor, but not TLR2, exacerbates signaling in the
young OCPs compared with that of aged OCPs in vitro
(Fig. 2). The present study also demonstrated that neither
TLR2 nor TLR4 inhibitors had effects on the Pg-LPS-
stimulated OCPs isolated from aged mice in vitro (Fig. 2),

Fig. 3 Age-dependent impact of Pg-LPS on the incidence of
CD11b+CSF1r-eGFP+ osteoclast precursors (OCPs) and the num-
ber of TRAP+ multinucleated cells in periodontal lesions induced
in young versus aged CSF1r-eGFRP-KI mice. Representative
contour plots and percentage of CD11b+CSF1r-eGFP+ OCPs (a

and b) and histological evaluation of TRAP+ osteoclasts (c and d)
in periodontal lesions of young and aged CSF1r-eGFP-KI mice
that received: control (no ligature), ligature alone, and ligature/
local gingival injection of Pg-LPS. *p < 0.05, **p < 0.01,
***p < 0.001

Fig. 4 Age-dependent role of Pg-LPS on secretion of some pro-
inflammatory SASP cytokines, including TNF-α (a), IL-1β (b),
IL-6 (c), and osteoclastogenic factor, RANKL (d) in periodontal
lesions of young and aged wild-type mice. Gingival tissues were

sampled from the inflamed periodontal sites of young and aged
mice and then were evaluated by ELISA. *p < 0.05, **p < 0.01;
***p < 0.001
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indicating no, or only minimal, effects of Pg-LPS on aged
OCPs in vitro (Fig. 2). Furthermore, according to in vivo
experiments,Pg-LPS upregulated the recruitment of OCPs
aswell as the number of TRAP+osteoclasts in the ligature-
induced periodontal lesions in young mice, but not aged
mice (Fig. 3) suggesting that the Pg-LPS-mediated pro-
motion of osteoclastogenesis is diminished in aged indi-
viduals because of the impaired function of TLR4 signal-
ing. Thus, this study, for the first time, demonstrated the
possible different impact ofPg-LPS/TLR4 axis on alveolar
bone loss in the context of aging.

Although aging increased colonization of
P. gingivalis [46], it was demonstrated that Pg-LPS is
not prevalent in the diseased periodontal tissues of pa-
tients [32]. By contrast, a complex of dihydroceramide
sphingolipids isolated from P. gingivalis was abundant-
ly detected in the inflamed human periodontal tissues
[33]. We recently reported that P. gingivalis-derived
sphingolipids promote RANKL-primed osteoclastogen-
esis of bonemarrow-derivedmacrophages isolated from
TLR2/TLR4-double-knock-out mice, indicating that
ceramides may represent an alternative TLR-
independent virulence factor produced by P. gingivalis
in the pathogenesis of age-associated periodontitis.
Since the property of sphingolipids as well as other
virulence factors produced by oral pathogens in age-
associated periodontitis is outside of the scope of the
present study, this issue will be addressed in the future
studies.

Besides the role of Pg-LPS in the promotion of
periodontal bone loss, several studies reported that its
persistent exposure promotes cellular senescence in den-
tal pulp [18, 19] and alveolar osteocytes [2]. It is true
that the major beneficial effects of senescence cells
involve preparing the tissue microenvironment for re-
generation and wound healing and promoting cancer
suppression. On the other hand, the accumulation of
senescence cells in the tissue leads to the pathologies
associated with aging [7]. It is important to mention that
life-long elimination of senescent cells can prevent the
development of certain age-related pathologies in a
mouse model of segmental accelerated aging [4]. Thus,
it is plausible that the cellular senescence phenomenon
shows the beneficial effects at young ages, but detri-
mental effects at older ages [6]. A key feature of the
senescent cells is the secretion of a complex of pro-
inflammatory cytokines, particularly tumor necrosis
factor-α (TNF-α), interleukin-1β (IL-1β), and IL-6 col-
lectively termed as a senescence-associated secretory

phenotype (SASP) [8]. It should also be noted that the
acquisition of the SASP turns senescent cells into pro-
inflammatory cells that alter tissue structure and func-
tion [9]. Several studies reported that Pg-LPS can me-
diate inflammation via accumulation of SASPs includ-
ing TNF-α, IL-1β, and IL-6 as well as osteoclastogenic
RANKL [12, 25]. It was also demonstrated that the
concentrations of pro-inflammatory SASPs and
RANKL are positively correlated with the age-
dependently increased levels of alveolar bone loss in-
duced in the experimental models of periodontitis,
among the young, middle-aged, and aged mice used in
those experiments [10, 26, 44, 46]. Furthermore, it was
recently suggested that pro-inflammatory SASPs may
contribute to pathogenic bacterial overgrowth in the
periodontal pocket leading to alveolar bone loss [2].
Findings from this study confirmed that Pg-LPS exac-
erbates the local productions of TNF-α, IL-1β, and IL-6
as well as RANKL in the ligature-induced periodontal
lesions of young mice compared with those produced in
the aged mice (Fig. 4), corresponding to the report
which showed that Pg-LPS increases more TNF-α re-
lease from young macrophages rather than from the
aged cells [43]. However, it is important to mention that
LPS isolated from the periodontal pathogen Campylo-
bacter rectus significantly raised the production of
SASP cytokines from aged gingival fibroblasts com-
pared with that of young fibroblasts [34]. Thus, it is
plausible that LPS from different Gram-negative bacte-
rial species may display obvious differences in the pro-
motion of periodontal inflammation in relation to aging
which may be important for successful therapeutic treat-
ment and preventive regimen of periodontitis in aged
patients.

Collectively, therefore, the findings from this study,
along with published lines of evidence, indicate that Pg-
LPS shows diminished effects on production of SASP
cytokines and RANKL from periodontitis lesions in
relation to aging, which is a novel observation.

Conclusion

This study, for the first time, demonstrated that Pg-LPS
dramatically increased the degree of RANKL-primed
osteoclastogenesis in young OCPs in vitro and that it
elevated the number of OCPs and mature osteoclasts in
the periodontitis lesions induced in young mice. How-
ever, Pg-LPS had no effect on the promotion of
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periodontal inflammation in aged mice. While compre-
hensive assessment of the roles of virulence factors
produced by different oral pathogens in age-dependent
periodontitis is required in the future studies, these re-
sults clearly indicated that the elevated periodontal in-
flammation in aged individuals can be promoted in a
manner independent of Pg-LPS.
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