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Abstract: Mesenchymal stem cells (MSCs) are known to play important roles in the repair of lost
or damaged tissues and immunotolerance. On the other hand, aging is known to impair MSC
function. However, little is currently known about how aged MSCs affect the host response to
the local inflammatory condition and tissue deterioration in periodontitis, which is a progressive
destructive disease of the periodontal tissue potentially leading to multiple tooth loss. In this study,
we examined the relationship between aging-induced impairment of MSC function and the severity of
periodontal tissue destruction associated with the decrease in host immunomodulatory response using
a ligature-induced periodontitis model in young and aged mice. The results of micro computerized
tomography (micro-CT) and histological analysis revealed a more severe bone loss associated with
increased osteoclast activity in aged (50-week-old) mice compared to young (5-week-old) mice.
Immunostaining analysis revealed that, in aged mice, the accumulation of inflammatory T and B
cells was higher, whereas the percentage of platelet-derived growth factor receptor α (PDGFRα)+

MSCs, which are known to modulate the apoptosis of T cells, was significantly lower than in young
mice. In vitro analysis of MSC function showed that the expression of surface antigen markers for
MSCs (Sca-1, CD90, CD146), colony formation, migration, and osteogenic differentiation of aged
MSCs were significantly declined compared to those of young MSCs. Moreover, a significantly
higher proportion of aged MSCs were positive for the senescence-associated β galactosidase activity.
Importantly, aged MSCs presented a decreased expression of FAS-L, which was associated with a
lower immunomodulatory property of aged MSCs to induce T cell apoptosis in co-cultures compared
with young MSCs. In summary, this is the first study showing that aging-induced impairment of
MSC function, including immunomodulatory response, is potentially correlated with progressive
periodontal tissue deterioration.
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1. Introduction

Aging is an inherent physiological process of life, characterized by impairment of biological
processes in living organisms with loss of function and multiple diseases, and has been recently
introduced as a new disease in the International Classification of Diseases released by the World Health
Organization [1]. From the biological perspective, aging is associated with changes in tissues and
cells, resulting, for instance, in the accumulation of various molecules and cellular damage over time,
and a consequent impaired homeostasis and function and reduced capacity to respond appropriately
to injury [2,3].

Recently, the use of stem cells has gained wide popularity as a potential therapeutic for tissue
regeneration and management of aging-related disorders and diseases [4,5]. Mesenchymal stem cells
(MSCs) are one of the multipotent stromal cell sources for tissue regeneration. They can be isolated not
only from the bone marrow, but also from several adult tissues, including adipose tissue, and those in
the orofacial region, such as dental pulp, gingiva, and periodontal ligament [6–8]. One of the most
important abilities of MSCs in tissue regeneration is the capability for multiple differentiation, such as
into osteoblasts, adipocytes, chondrocytes, and myoblasts. Local immune tolerance has also been
regarded as another fundamental characteristic of MSCs in tissue regeneration [9]. Two different
mechanisms of immune response modulation by MSCs have been clarified. The first is related to
indirect inhibition of the ability of inflammatory cells (i.e., T lymphocytes, dendritic cells, natural killer
(NK) cells, and B lymphocytes) to proliferate and secrete inflammatory cytokines, through the release
of anti-inflammatory cytokines, including transforming growth factor-beta (TGF-β), hepatocytes
growth factor (HGF), prostaglandin E2 (PGE2), indoleamine 2,3-dioxygenase (IDO), nitric oxide (NO),
or human leukocyte antigen-G5 (HLA-G5) by the MSCs [10–14]. The other inhibition mechanism
is based on a direct cell-to-cell contact that induces immune cell apoptosis through the FAS/FASL,
leading to the regulatory T cell differentiation and immune tolerance [15].

During physiological tissue repair, cytokines, chemokines, and growth factors such as the stem cell
factor (SCF), granulocyte colony stimulation factor (G-CSF), and stromal cell-derived factor 1 (SDF-1,
CXCL12) are released at the injured tissue and recruit circulating MSCs to the inflammatory site via two
distinct molecular pathways, namely, the SDF-1/CXCR4 and MCP-1/CCR2 axis [8,16]. Therefore, due to
the multiple differentiation capability, immunomodulatory property, and endogenous cell recruitment
ability, MSCs have been reported to have crucial roles in tissue regeneration [17,18], management of
immune-mediated diseases [19–21], and cell-based bone augmentation [22].

A number of studies have reported that aging affects stem cells by impairing their protective
and regenerative capacities, by inducing cellular senescence and decreasing stem cell numbers and
functions [23–27]. Several in vivo studies in various species (rodents, monkeys, and humans) have
confirmed the decreases in the number of cells harvestable from the bone marrow and in the expression of
MSC antigen surface markers (e.g., Sca-1, CD90, CD146), as well as in diverse MSC functions, including
cell proliferation and differentiation, colony formation (CFU-f), and immunomodulation [28,29].

Periodontitis is an inflammatory disease of tooth-supporting tissues caused by specific
microorganisms resulting in progressive destruction of the periodontal ligament and alveolar bone
with the periodontal pocket formation and/or gingival recession, which eventually can lead to multiple
tooth loss and a consequent decrease in oral function and quality of life [30]. The pathophysiology of
periodontitis has been regarded as the host response to bacteria with a local inflammatory reaction
that stimulates the innate immune system. Prolonged inflammation exaggerates the release of a broad
spectrum of proinflammatory cytokines and mediators, such as interleukin-1 (IL-1) and tumor necrosis
factor-alpha (TNF-α), which induce osteoclastogenesis via the RANKL–RANK–OPG pathway, and in
turn, can lead to connective tissue and alveolar bone destruction [31–33]. Epidemiological evidence
showed that the prevalence of periodontal disease might range from 20% to 50% worldwide [34],
and in the United States, the distribution of mild, moderate, and severe periodontitis in 64.7 million
adults is known to be 8.7%, 30.0%, and 8.5%, respectively [35]. Notably, the occurrence and severity of
periodontal tissue destruction are known to increase with age [35–37].
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Herein, we hypothesized that the decrease in host response and capability of periodontal
tissue repair in aged individuals could be associated with aging-induced phenotypic changes in
MSCs. Therefore, the objective of this study was to investigate the correlation between the severity
of periodontal bone destruction and aging-affected functions, including the immunomodulatory
properties, of MSCs by in a ligature-induced periodontitis model in young and aged mice.

2. Results

2.1. Severe Bone Resorption after Ligation in Aged Mice

A periodontitis model using ligatures was developed in young (5-week-old) and aged (50-week-old)
mice, according to the experimental design shown in Figure 1A,B. The micro computerized tomography
(micro-CT) analysis showed more severe bone resorption at both day-3 and day-10 post-ligation in the
aged compared to young mice (arrowhead, Figure 1C). Quantitative analysis of bone resorption area
and depth in the lingual side confirmed the significantly higher amount of lost bone area in the aged
compared to young mice at day-3 and day-10 after ligation (Figure 1E, left graph). There was also a
significantly higher bone loss in depth (mesial, distal) in the aged (1.037 ± 0.095 mm, 0.643 ± 0.008 mm)
compared to young mice (0.558 ± 0.034 mm, 0.374 ± 0.060 mm) respectively, at day-10 after ligation
(Figure 1E, middle and right graphs). Of note, even though the control groups with no ligature in
young and aged mice showed a significant difference at baseline, a two-way ANOVA analysis revealed
that there was a significant association between age and ligation-induced periodontitis.

Histological analysis with hematoxylin and eosin (HE) stained sections confirmed the increase in
periodontal ligament space in the aged mice (35.28 ± 6.39) vs. young mice (27.37 ± 2.14) at day-10
after ligation (Figure 2A, bidirectional arrows) and the formation of small pits indicating the activity
of osteoclasts (Figure 2A, arrowheads). Furthermore, aged mice showed less dense alveolar bone
compared to the young ones (Figure 2A). In fact, the number of tartrate-resistant acid phosphatase
(TRAP)+ osteoclasts was significantly higher in the aged (76.91 ± 7.75) than in the young mice
(59.96 ± 8.39) at day-10 after ligation (Figure 2B).
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ligation in young and aged mice. Note that aged mice showed more severe bone loss compared to 
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showed a significant association between age and ligation-induced periodontitis. The bar graph 
represents the mean ± standard deviation of at least 3 independent samples. * p < 0.05, *** p < 0.001, 
two-way ANOVA, Tukey test (n = 3). 
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Figure 1. Periodontitis-associated bone resorption is more severe in aged mice. (A) Experimental design
and timing of sample collection of the ligature-induced periodontitis model in mice. (B) Photographs
of the control and periodontitis groups showing the ligature in the mandibular first molar of young
(5-week-old) and aged (50-week-old) mice. Bar: 1 mm (C) Representative micro computerized
tomography (micro-CT) images of control and periodontitis groups at day-3 and day-10 after ligation
in young and aged mice (red arrow indicated bone loss). Bar: 1 mm (D) Bone loss measurement
methods. (i) Area: measurement of the area corresponding to the exposed lingual root surfaces of the
first mandibular molar as the horizontal limits, and the distances between the cemento–enamel junction
(CEJ) and the resorbed alveolar bone crest as the vertical limits; (ii) depth: measurement of the linear
distance from the CEJ to the alveolar bone crest on the mesiolingual and distolingual regions of the first
mandibular molar, M: mesial, D: distal. Bar: 1 mm and (E) results of the micro-CT-based quantitative
analysis of bone loss (i) area and (ii) depth, at day-3, and day-10 after ligation in young and aged mice.
Note that aged mice showed more severe bone loss compared to young mice, either in the control or
ligature-induced periodontitis groups. A two-way ANOVA showed a significant association between
age and ligation-induced periodontitis. The bar graph represents the mean ± standard deviation of at
least 3 independent samples. * p < 0.05, *** p < 0.001, two-way ANOVA, Tukey test (n = 3).
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Figure 2. Increased periodontal space and osteoclast activity in the ligation-induced periodontitis in
aged mice. (A) Hematoxylin and eosin HE staining showing the widening of the periodontal ligament
space (bidirectional arrow) in both young and aged mice at day-3 and day-10 after ligation. Note a
more severe bone loss and small pits (arrowhead) in aged mice (Black box indicated magnified area in
HE staining). Bar: 100 µm. (B) Tartrate-resistant acid phosphatase TRAP staining confirming the higher
number of TRAP+ cells (purple) in the furcation area of the mandibular first molar in aged mice at
day-10 after ligation (Red box indicated magnified area in TRAP staining). Bar: 100 µm. The bar graph
represents the mean ± standard deviation of at least 3 independent samples. * p < 0.05, ** p < 0.01,
*** p < 0.001, two-way ANOVA, Tukey test, n = 3.

2.2. Increased Inflammatory Cell Accumulation at the Periodontal Bone Destruction Area in Aged Mice

Analysis of the presence of T and B cells in the ligature-induced periodontitis site confirmed the
increased number of CD3+ pan T cells around the furcation area of the first molar region both at day-3
and day-10 in young and aged mice. Notably, aged mice showed a remarkably higher number of CD3+

T cells compared to young ones at day-3 and day-10 after ligation (Figure 3A). Similarly, the number
of B220+ B cells (day-3, day-10) were significantly higher in aged (8.02 ± 0.65, 10.92 ± 2.38) than in
young mice (3.99 ± 0.65, 5 ± 1.24), respectively (Figure 3B). Furthermore, after ligation, the levels of



Int. J. Mol. Sci. 2020, 21, 8103 6 of 20

inflammatory cytokines, including Il-1β, Tnf-α, Ifn-γ, were all significantly increased at day-10 in aged
mice (Figure S2).
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Figure 3. Increased inflammatory cell accumulation at the periodontitis site in aged mice.
(A) Immunofluorescence images showing that the number of CD3+ T cells (green) increased at
the furcation area in young and aged mice at day-3 and day-10 after ligation. Cell nuclei were
stained with DAPI (blue) Bar: 100 µm. The graph shows the quantitative analysis of cell numbers,
indicating a greater number of CD3+ T cells in aged mice. (B) Immunofluorescence images showing the
accumulation of B220+ B cells (green) at the furcation area in young and aged mice at day-3 and day-10
after ligation. Cell nuclei were stained with DAPI (blue) Bar: 100 µm. The graph shows the quantitative
analysis of cell number, indicating that the number of B220+ B cells is significantly higher in aged
mice either at day-3 or day-10 after ligation. For (A,B), the bar graph represents the mean ± standard
deviation of at least three independent samples. * p < 0.05, ** p < 0.01, *** p < 0.001, two-way ANOVA,
Tukey test, n = 3.
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2.3. Decreased MSCs Number in Aged Mice

MSCs are known to participate actively in host immunomodulation by directly interacting
with T and B cells [38,39]. Therefore, immunohistochemical analysis was performed to evaluate the
distribution of platelet-derived growth factor receptor α (PDGFR)α+ MSCs in the periodontitis-affected
milieu. In young mice, the number of PDGFRα+ cells was increased after ligation at day-10, while in
aged mice, there was no significant variation. Moreover, aged mice presented fewer PDGFRα+ cells
(day-3: 4.05 ± 0.48, day-10: 4.32 ± 0.87) compared to young mice (day-3: 4.67 ± 0.81, day-10: 7.86 ± 1.62)
after ligation (Figure 4).These results suggest that the decreased number of PDGFRα+ MSCs could
be one of the factors determining the increase in the number of inflammatory T and B cells, and the
consequent increase in osteoclast-directed bone resorption in the ligature-induced periodontitis in
aged mice.
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Figure 4. Reduced number of MSCs at the periodontitis site in aged mice. Immunofluorescence images
show the number of platelet-derived growth factor receptor α (PDGFRα)+ MSCs (red) in the furcation
area in young and aged mice. Cell nuclei were stained with DAPI (blue). Bar: 100 µm. The graph shows
the quantitative analysis indicating that the number of PDGFRα+ Mesenchymal stem cells (MSCs) is
decreased in aged mice, more prominently at day-10 after ligation. The bar graph represents the mean
± standard deviation of at least three independent samples. * p < 0.05, ** p < 0.01, *** p < 0.001, two-way
ANOVA, Tukey test (n = 3).
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2.4. Functional Impairment of Aged MSCs

The decreased number of MSCs at the injured site in aged mice could be associated with an impaired
migration ability of aged MSCs. In addition, other MSC functions, including immunomodulation,
could also be affected by aging. Therefore, we analyzed the expression pattern of stem cell markers
and the major functions of MSCs, including colony formation (CFU) ability, migration, differentiation,
and immunomodulation.

As shown in Figure 5A, MSCs from aged mice showed a significant decrease in the CFU-f
colony-forming ability compared to young MSCs. Moreover, a scratch assay revealed that the
migration speed of young MSCs was significantly faster than that of aged MSCs at 48 h after scratching
(Figure 5B). Analysis of the cell surface antigen expression by flow cytometry showed that both MSCs
derived from young and aged mice were highly positive for the MSC-associated markers, Sca-1,
CD 90, CD146, but not for hematopoietic stem cell markers, CD14 and CD34. Notably, however,
the percentage of MSC surface markers, Sca-1, CD 90, and CD 146, was significantly lower in
aged compared to young MSCs (Figure 5C). On the other hand, aged MSCs showed a significantly
higher activity of cell senescence-associated β-galactosidase (SA-β gal) compared to young MSCs
(Figure 5D). Additionally, aged MSCs presented a markedly lower osteogenic differentiation ability
as demonstrated by alizarin red-S staining for mineral deposition, as well as by the analysis of gene
expression levels of osteoblast markers, Alkaline phosphatase (Alp) and Osteocalcin (Ocn) (Figure 6A).
Conversely, oil red-O staining for lipid droplets and the gene expression levels of the adipogenic
markers, Peroxisome proliferator-activated receptor gamma (Pparγ) and Lipoprotein lipase (Lpl),
were significantly increased in aged MSCs (Figure 6B). These results indicate that aging strongly
downregulates the osteogenic differentiation capacity of MSCs, and could, therefore, in part explain the
decreased ability of aged mice to repair the periodontitis-associated bone loss. In addition, trabecular
bone volume in the femur was significantly decreased in aged mice (Figure S3).

To evaluate the immunomodulatory property of young and aged MSCs, FAS-L expression was
analyzed by flow cytometric analysis. As shown in Figure 6C, the expression of FAS-L was reduced in
aged MSCs compared to young MSCs. In addition, the percentage of Annexin V+ apoptotic CD4+

T cells was significantly higher when the cells were co-cultured with either young or aged MSCs
(Figure 6C). Note that the percentage of Annexin V+ apoptotic CD4+ T cells was significantly lower in
the co-culture with aged MSCs, compared to that in the co-culture with young MSCs, indicating a
lower immunomodulatory function of aged MSCs. These results could in part explain the higher
number of inflammatory T and B cells observed at the periodontitis site.
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Figure 5. Functional impairment of MSCs from aged mice. (A) Photograph and graph showing the
quantitative analysis of the number of colonies (CFU-f) formed from flushed bone marrows from
young and aged mice. Bar: 500 µm. Note that the CFU-f number is significantly lower in specimens
from aged mice. The bar graph represents the mean ± standard deviation of at least 3 independent
samples. ** p < 0.01, unpaired Student’s t-test, n = 3. (B) Representative images of an in vitro wound
healing (scratch) assay using MSCs isolated from young and aged mice. Bar: 500 µm. Note that aged
MSCs show slower migration ability compared to MSCs from young mice. The bar graph represents
the mean ± standard deviation of at least 3 independent samples. ** p < 0.01, two-way ANOVA,
Tukey test, n = 3. (C) Expression of major surface antigen markers for MSCs (Sca-1, CD44, CD90,
CD146) in young and aged MSCs determined by flow cytometry. Note that the MSCs show almost
no expression of the hematopoietic stem cell markers, CD14 and CD34. Note also that all markers,
except for CD44, were significantly decreased in aged MSCs. (D) Staining and quantitative analysis of
senescence-associated (SA)β-Gal+ cells (Red arrow) showing a significantly higher number of senescent
cells in aged compared to young MSCs. Bar: 100 µm. The bar graph represents the mean ± standard
deviation of at least 3 independent samples. *** p < 0.001, unpaired Students’ t-test, n = 3.
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Figure 6. Reduced osteogenic differentiation and immunomodulation in aged MSCs. (A) Alizarin
red-S staining showing less ability of mineral deposition by aged MSCs compared to young MSCs
after osteogenic induction for 21 days. The expression of osteoblast marker genes (Alp, Ocn) was
determined by real-time RT-PCR. Note the weak staining for alizarin red-S and unchanged expression
of Alp and Ocn in aged MSCs cultured in osteogenic medium for 21 days, indicating the low osteogenic
differentiation ability of the aged cells. The bar graph represents the mean ± standard deviation of
at least 3 independent samples. *** p < 0.001, one-way ANOVA, Tukey test, n = 3. Alp: Alkaline
phosphatase, Ocn: Osteocalcin. (B) Oil red-O staining showing a dramatically increased formation of
lipid droplets by aged MSCs compared to young MSCs. Bar: 100 µm. The expression levels of early
adipogenic differentiation markers (Pparγ and Lpl) were significantly higher in aged than in young
MSCs. The bar graph represents the mean ± standard deviation of at least 3 independent samples.
*** p < 0.001, one-way ANOVA, Tukey test, n = 3. Pparγ: Peroxisome proliferator-activated receptor
γ, Lpl: lipoprotein lipase. (C) Flow cytometric analysis showing a decreased expression of FAS-L in
aged MSCs (upper left panel). After co-culture, young and aged MSCs could induce apoptosis of
CD4+ T cells, as determined by flow cytometric analysis of Annexin V+ apoptotic T cells (lower left
graph and right panel). Note that the ability of aged MSCs to induce T cell apoptosis is significantly
reduced compared to young MSCs. The bar graph represents the mean ± standard deviation of at least
3 independent samples. *** p < 0.001, one-way ANOVA, Tukey test, n = 3.
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3. Discussion

Periodontitis is defined as an inflammatory disease of the tooth-supporting tissues caused by
specific microorganisms, resulting in progressive destruction of the periodontal ligament and alveolar
bone with the periodontal pocket formation and/or gingival recession [30]. Available epidemiological
evidence shows that the occurrence and severity of periodontal destruction increase with age [37].
The etiology of periodontitis has been well understood by the imbalance between the host immune
system and the pathogens. Thus, the removal of the pathogens is the initial and fundamental treatment
strategy. However, the involvement of the host immune system and its regenerative capacity have
not been fully elucidated. Here, we developed the ligature-induced periodontitis model in young
(5-week-old) and aged (50-week-old) mice in an attempt to correlate the aging-affected severity of
periodontal tissue destruction, the degree of inflammation at the periodontitis environment, and
the function of MSCs. The aged mice used in this study would represent humans in their third
or fourth decades of life, during which the prevalence of severe periodontitis is known to be high
but further remain relatively stable at older ages [40]. We examined the severity of bone resorption
in mice at different ages, including 5, 20, 35, 50, 65, and 80-week-old mice, by micro-CT analysis.
Interestingly, there was no significant difference in bone resorption in mice over 50 weeks of age
(Figure S1). Therefore, the 50-week-old mice were selected to investigate the pathophysiology of
periodontitis relative to middle-aged patients. Notably, in the unligated control groups, physiological
bone resorption was found to be higher in the aged than in the young mice, which is consistent with
previous reports [41] and strongly supports the consistency of the methods.

Histologically, loss of attachment and deep pocket formation are the hallmarks of periodontitis [42].
Both chronic periodontitis and aggressive periodontitis show the clinical features of bone loss
and attachment loss in response to colonization of the tooth surface by a bacterial biofilm [30].
Bone resorption is a consequence of periodontitis due to the infiltration of inflammatory cells in
the connective tissue and an eventual imbalance of osteoblast and osteoclast activity in response
to local inflammatory stimuli. In the initial stages of the inflammatory response, innate immune
cells such as neutrophils, monocytes/and macrophages respond to the bacterial insult. Subsequently,
if the inflammatory condition is not resolved, humoral immune cells, T and B cells, will be activated
by antigen-presenting cells (APCs) and will regulate chronic inflammation through constitutive
cytokine secretion [34]. Notably, both activated T and B cells in the periodontal tissues are considered
to contribute to the disease pathogenesis [43] because these cells can express RANKL and induce
osteoclast activity [44]. Indirectly, these cells can also induce the amplification of the pro-inflammatory
cytokines (IL-1, IL-6, IL-12, IL-17, IL-18, IL-21, TNF-α, and IFN-γ), which are known to be found in
periodontitis [45] and to induce osteoclastogenesis via the RANKL–RANK–OPG pathway. As expected,
the accumulation of T and B cells, as well as the levels of the inflammatory cytokines Il-1β, Tnf-α
and Ifn-γ (Figure S2), were dramatically elevated in the aged mice compared to the young ones after
ligation, and the unligated control group.

Aging is known to induce significant changes in MSC function, such as by microenvironmental
factors (hormonal, immunogenic, metabolic disorder), DNA damage (oxidative stress, telomerase
dysfunction), epigenetic alteration (mutation, noncoding RNA), and mitochondrial dysfunction
(elevated ROS, mTOR pathway) [46–49]. As a conventional definition, MSCs have been identified
as culture dish adherent spindle shape cells expressing, for instance, CD44, CD90, CD105, CD106,
CD166, and Stro-1 and are negative for CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA-DR
surface molecules [50]. Platelet-derived growth factor receptor α (PDGFR-α) [51,52], stem cell antigen 1
(Sca-1), and leptin receptor (Lepr) have also been identified as selective markers of mouse MSCs [51,53].
Our results demonstrated that aged MSCs show lower expression of surface antigens, including Sca-1,
CD90, and CD146 (Figure 5C), which was also followed by a lower ability of the aged MSCs to form
colonies (CFU-f) compared to young MSCs. These findings are in accordance with previous reports [2].

Several reports have revealed that MSCs could migrate from the perivascular area into the blood
circulation in response to signals from damaged tissues, and subsequently, the circulated MSCs may
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accumulate in the damaged tissues and participate in the regeneration process [50,54,55]. Indeed,
our data also showed an increased number of PDGFRα+ MSCs in both young and aged mice after
ligation. However, the distribution of PDGFRα+ MSCs in aged mice was significantly lower than
that in the young mice (Figure 4). This could be associated with a higher migration capability of
young MSCs compared to the aged MSCs, as demonstrated by the in vitro scratch assay (Figure 5B).
These results indicate an impaired functionally of aged MSCs, which could also reflect their impaired
local immunotolerance.

Impaired homeostasis of bone metabolism is one of the causes of bone loss in aging. Alteration in
MSCs function causes a shift of lineage commitment from osteogenesis to adipogenesis, also leading
to a decline in self-renewal capacity [56,57]. Our in vitro data indicated that the expression level
of the osteoblast marker genes, Alp and Ocn, and the ability to form calcium depositions by aged
MSCs were significantly reduced compared to young MSCs. Moreover, the expression of adipocyte
marker genes, Pparγ and Lpl, and lipid droplet formation were significantly increased in aged MSCs.
These findings indicate the strong commitment of aged MSCs toward the adipogenic lineage, and could
be in part related to bone marrow adiposity, an often seen phenomenon in aged mice [58]. On the other
hand, the decreased osteogenic capacity of MSCs could be associated with bone-related diseases [59].
Another characteristic of aged MSCs was increased cellular senescence, which is characterized as a
state where the cell cycle is irreversibly arrested, negatively affecting the immunomodulatory and
differentiation capacities of MSCs [60]. In our experiments, SA-β Gal, which is regarded as the gold
standard for evaluating senescence in eukaryotic cells [61], was highly detected in a higher percentage
of aged MSCs compared to young MSCs. Notably, a previous study has demonstrated a higher SA-β
Gal activity in NK and T cells from older vs. younger human subjects [62]. In this study, however,
we were not able to demonstrate the β-Gal activity in the infiltrating B and T cells or in the gingival
fibroblasts and epithelial cells surrounding the alveolar bone. Future studies will be necessary to shed
more light on the complex mechanism of aging-affected cellular functions, as well as on the interactions
of aged cells.

The FAS-L/FAS-mediated cell death pathway is a typical apoptotic signaling in many cell
types [63–65]. Aging negatively affects the immunomodulatory properties of MSCs. One of the
mechanisms of MSC immunoregulation is to induce transient T-cell apoptosis by the FAS-L/FAS
pathway [15]. The in vitro experiments evaluating FAS-L expression and MSC co-culture with T-cell
importantly revealed a lower expression of FAS-L in MSCs from aged mice (Figure 6C). These results
are in agreement with a previous study that also reported the decrease in immunosuppressive capacity
in late passage-expanded MSCs, which was correlated with altered membrane glycerophospholipid
composition [66]. The decreased immunomodulatory function of MSCs in vitro could be associated
with the suppressed immune tolerance and enhanced bone destruction at the periodontitis site.

Clinically, periodontal tissue regeneration therapy is developed via the application of autologous
MSCs, growth factors, and/or scaffolds. However, these approaches may have limited applicability
because of senescence-induced alterations in the host MSC function, especially in the aged population.
This study revealed that understanding the potential molecular mechanisms contributing to a decline
in MSC function in aging is crucial when exploring novel strategies to rejuvenate senescent MSCs for
the development of novel periodontal regeneration therapies.

In summary, this study investigated the association of aging-affected MSCs and the severity of the
periodontitis-associated bone loss in mice. The results demonstrated that aged mice showed more
severe periodontal tissue destruction consistent with aging-associated decrease in the expression of
stem cell markers and impairment of MSC function, including decreased colony formation, migration,
osteogenic differentiation, and, more importantly, reduced immunomodulatory response.
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4. Materials and Methods

4.1. Animals

C57BL/6J mice at 5 (young) and 50 weeks (aged) of age were purchased from Japan CLEA Co., Ltd.
(Tokyo, Japan). The animal experiment protocol used in this study (OKU-2018189) were approved
by the Okayama University Research Committee (approved date: 19th April 2018). Throughout the
experimental period, all animals were maintained on a standard laboratory diet and in housing under
the guideline of the Okayama University Animal Research Committee.

4.2. Periodontitis Model

A 5-0 silk thread (Alfresa Pharma, Osaka, Japan) was ligated subgingivally around the mouse
mandibular first molar under general anesthesia induced by intraperitoneal injection of 35 mg/kg of 2%
xylazine (Celactal, Bayer, Leverkusen, Germany) and 5 mg/kg of ketamine (Ketalar, Daiichi-Sankyo,
Tokyo, Japan). The ligatures were maintained in place throughout the experimental period of 10 days.
The contra-lateral molar tooth in each mouse was left unligated to serve as baseline control and to
decrease inter-animal differences. Mice were sacrificed by cervical dislocation on day-3 and day-10
after ligation. Mandibles were collected and fixed with 4% paraformaldehyde for further analysis.

4.3. Micro CT Analysis

The mouse mandible was scanned with micro computerized tomography (micro-CT) (SkyScan1174,
Bruker, Kontich, Belgium). The scanning parameters were set to 6.5-pixel size resolution, a peak voltage
of 50 kV, and 795 µA with a 0.5 mm aluminum filter. The volumetric reconstruction software NRecon
(Bruker) was used to reconstruct the scanned images, which were further mounted in 3-dimensional
images by using the volume rendering software, CTVox (Bruker). All images were reoriented and
prepared in identical positions for evaluation of alveolar bone loss. The amount of lost alveolar bone
was determined by two methods [67]: (i) area: measurement of the area corresponding to the exposed
lingual root surfaces of the first mandibular molar as the horizontal limits, and the distance between the
cemento–enamel junction (CEJ) and the resorbed alveolar bone crest as the vertical limits (Figure 1D);
(ii) depth: measurement of the linear distance from the CEJ to the resorbed alveolar bone crest on the
mesiolingual and distolingual regions of the first mandibular molar (Figure 1D). The area and the
depth were measured by Image J software (NIH, Bethesda, MD, USA). A single-blinded examiner
oriented the images and performed the measurements.

4.4. Histological Analysis

After fixation, mandibles were decalcified with 10% ethylenediaminetetraacetic acid (EDTA) and
embedded in paraffin, based on a standard protocol. Eight µm-thick sections were prepared and
stained with hematoxylin and eosin (HE staining: 1% eosin Y solution, Delafield Hematoxylin: Muto
Kagaku Co., Ltd., Tokyo, Japan) or tartrate-resistant acid phosphatase (TRAP) for histological analysis.

4.5. Immunohistochemical Analysis

Non-fixed and undecalcified mandibles were freeze-embedded with super cryo-embedding
medium (SECTION-LAB Co. Ltd., Hiroshima, Japan) and sectioned in the thickness of 5 µm after
mounting the adhesive film onto the sample surface (Kawamoto’s method). The sections were then
fixed, blocked with 5% goat serum (Life Technologies, Carlsbad, CA, USA) and stained with rat
monoclonal anti-CD45R (B220) antibody (RA3-6B2, eBioscience, San Diego, CA, USA) for B cells,
Alexa Fluor 488 rat anti-mouse CD3 (500A2, Biolegend, San Diego, CA, USA) for T cells, goat
polyclonal anti-PDGFRα (AF1062, R&D systems, Minneapolis, MN, USA) for MSCs, at 4 ◦C overnight.
After washing, the specimens were incubated with secondary antibody Alexa fluor 488 goat anti-rat
IgG (Life Technologies) and Alexa fluor 594 anti-goat IgG (Life Technologies) for 60 min at room
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temperature. All images were taken by an all-in-one fluorescence microscope (BZ-X700, KEYENCE,
Osaka, Japan).

4.6. Cell Culture

Primary mouse bone marrow MSCs were isolated from mouse tibia and femur and cultured in
basal culture medium with minimum essential medium alpha (α-MEM, Life Technologies) containing
20% fetal bovine serum (FBS, Life Technologies), 2 mM glutamate (Life Technologies), 100 Units/mL
penicillin/streptomycin (Sigma-Aldrich, St Louis, MO, USA) and 55 µM 2-mercaptoethanol (2-ME, Life
Technologies) in 100 mm dishes (Greiner Bio-One Inc., Frickenhausen, Germany). For isolation of
MSCs, the femur and tibia bone marrow were flushed out with 2% FBS/phosphate-buffered saline (PBS)
medium through a 70 µm cell strainer (Greiner Bio-One Inc.). The flushed cells were seeded in 100 mm
dishes, and after 24 h, the dishes were washed with phosphate-buffered saline (PBS) to eliminate
non-adherent cells. After colonization, the attached cells were cultured for 14 days and passaged when
they reached a sub-confluent condition. Cells from the second passage were used in the experiments.

4.7. Colony-Forming Unit Fibroblastic (CFU-f) Assay

The flushed bone marrow cells from femurs were seeded into 60 mm dishes (Greiner Bio-One Inc.)
at a density of 1 × 106 cells per dish and kept at 37 ◦C in a 5% CO2 humidified incubator. After 14 days,
the dishes were rinsed twice with PBS and stained with 0.1% toluidine blue in 1% paraformaldehyde in
PBS. More than 50 cells in the colony were counted as a positive colony (CFU-f) using a phase-contrast
microscope (BZ-X700, KEYENCE).

4.8. In Vitro Wound-Healing Assay

The MSCs from each group were cultured in 6-well plates (Greiner Bio-One Inc.) until confluency.
A scratch was made in the middle of the plate with a sterile tip. Cell migration was assessed by
measuring the empty space area (%) as the width of the wound gap by using Image J software, based on
images taken with a conventional phase-contrast microscope (BZ-X700, KEYENCE).

4.9. Cell Surface Antigen Analysis

Flow cytometry was performed for analysis of cell surface antigen expression. The MSCs at
passage one were detached using Accutase (Innovative Technologies Inc., San Diego, CA, USA) and
resuspend into PBS at a concentration of 1 × 105 cells per 100 µL. The cells were then incubated with
fluorescence-labeled primary antibody or isotype control for 30 min in dark condition. The utilized
primary antibodies were: FITC anti-mouse Ly-6A/E Sca-1 (Biolegend), PE anti-mouse CD 90,
PE anti-mouse CD44, PE anti-mouse CD 146, FITC anti-mouse CD14, PE anti-mouse CD34 (BD,
Franklin Lakes, NJ, USA). These samples were analyzed by Accuri™ C 6 Flow Cytometer (BD).

4.10. In Vitro Osteogenic and Adipogenic Differentiation

To assess the multiple differentiation potential, MSCs were cultured until sub-confluency and
induced to differentiate into the adipogenic or osteogenic lineages for 7 and 21 days, respectively. After
that, the gene expression analysis and staining were performed. The adipogenic medium consisted
of α-MEM (Life Technologies), 20% FBS (Life Technologies), 2 mM glutamate (Life Technologies),
100 Units/mL penicillin/streptomycin (Sigma-Aldrich) and 55 µM 2-ME (Life Technologies), 10 mM
L-ascorbic acid phosphate (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), 10 mg/mL
insulin (Sigma-Aldrich), 0.5 mM hydrocortisone (Sigma-Aldrich), 6 mM indomethacin (R&D systems),
50 mM isobutylmethylxanthin (Enzo life science, Tokyo, Japan), as reported [66]. Osteogenic
medium consisted of α-MEM (Life technologies), 20% FBS (Life Technologies), 2 mM glutamate
(Life technologies), 100 Units/mL penicillin/streptomycin (Sigma-Aldrich) and 55 µM 2-ME (Life
technologies), 10 mM L-ascorbic acid phosphate (FUJIFILM Wako Pure Chemical Corporation),
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200 mM β-glycerophosphate (Sigma-Aldrich), as reported [67]. Mineralization (calcium deposition)
and lipid droplet formation were evaluated, respectively, by staining with alizarin red-S or oil red-O,
as reported [68,69].

4.11. Reverse Transcription and Real-Time Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Gene expression was evaluated by real-time RT-PCR. According to the manufacturer′s instructions,
total cellular RNA was extracted from MSCs after being induced to differentiate into the osteogenic
and adipogenic lineages by using a Purelink RNA Mini Kit (Life Technologies). MSCs cultured in basal
culture medium were used as the control group.

Total RNA was reverse transcribed using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA,
USA). Real-time RT-PCR was performed to quantify the expression of the target gene by using KAPA
SYBR FAST qPCR Master Mix (KAPA BIOSYSTEMS, Wilmington, MA, USA) and a CFX96 real-time
system (Bio-Rad), as described previously [70]. The expression levels of each mRNA were normalized
to that of the reference gene ribosomal protein S29. As the osteogenic specific markers, osteocalcin
(Ocn) and alkaline phosphatase (Alp), and for the adipogenic specific markers, lipoprotein lipase (Lpl)
and peroxisome proliferator-activated receptor γ (Pparγ) were evaluated. Additionally, mRNA levels
of inflammation-associated markers (Il1-β, Tnf-α and Ifn-γ) were analyzed in the periodontitis-affected
site at day-10 post-ligation. The primer sequences are shown in Table 1.

Table 1. Nucleotide sequence of the primers used for real-time RT-PCR.

Gene
GenBank

Registration
Number

Primer Set PCR Product
Length (bp)

s29 NM_009093
Sense: 5’-GGAGTCACCCACGGAAGTTCGG-3’

108Anti-sense: 5’-GGAAGCACTGGCGGCACATG-3’

Alp JO2980 Sense: 5’-GCTCTCCCTACCGACCCTGTTC-3’
130Anti-sense: 5’-TGCTGGAAGTTGCCTGGACCTC-3’

Ocn BC055868
Sense: 5’-CCAAGCAGGAGGGCAATAAGGTAG-3’

122Anti-sense: 5’-CTCGTCACAAGCAGGGTCAAGC-3’

Lpl BC003305
Sense: 5’-GTCTGGCTGACACTGGACAA-3’

221Anti-sense: 5’-TGGGCCATTAGATTCCTCAC-3’

Pparγ NM_011146
Sense: 5’-GCCAAGGTGCTCCAGAAGATGA-3’

155Anti-sense: 5’-CGGGTGGGACTTTCCTGCTAAT-3’

Tnf-α BC117057
Sense: 5’-GTGGAACTGGCAGAAGAG-3’

96Anti-sense: 5’-CACAAGCAGGAATGAGAAGA-3’

Il1-β M15131
Sense: 5’-AATCTCACAGCAGCACATC-3’

194Anti-sense: 5’-CCAGCAGGTTATCATCATCAT-3’

Ifn-γ BC119065
Sense: 5’-AGCTCATCCGAGTGGTCC-3’

88Anti-sense: 5’-CTCTTCCCCACCCCGAAT-3’

4.12. Senescence Detection Assay

The MSCs isolated from young and aged mice were seeded in 12-well culture plates (Greiner
Bio-One Inc.) and stained with the senescence-associated beta-galactosidase (SA-β Gal) solution using
a commercially available kit (Senescence Detection Kit, OZBIOSCIENCES, San Diego, CA, USA).
Images were taken with a phase-contrast microscope (BZ-X700, KEYENCE), and SA-β Gal positive
cells were counted by Image J software.

4.13. Isolation, Activation, and Culture of T Cells

The C57BL/6J mice-derived splenocytes were isolated and cultured with T cell medium, which
consisted of Dulbecco′s Modified Eagle Medium (D-MEM: Life Technologies) containing 10% FBS,
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2 mM glutamate, 100 Units/mL penicillin/streptomycin, 55 mM 2-ME, 1M 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES: Sigma-Aldrich), 100 mM Sodium Pyruvate (Sigma-Aldrich),
100 x non-essential amino acids (NEAA: Life Technologies). To activate T cells, anti-CD3ε antibody
(3 µg/mL, Purified NA/LE Hamster anti-CD3e antibody, BD) pre-coated 60 mm plate (Greiner Bio-one
Inc.) and Purified NA/LE Hamster anti-CD28 (2 µg/mL, BD) were used.

4.14. Induction of T Cell Apoptosis

To evaluate the immunomodulatory property of young and aged MSCs, in vitro T cells apoptosis assay
was performed. Briefly, MSCs were seeded onto a 12-well plate at a concentration of 2.0 × 105 cells/well
and, after 48 h, activated splenocytes (2 × 105 cells/well) were added to the MSCs culture. After 24 h of
co-culture, apoptotic T cells were detected by flow cytometry after staining with APC Rat anti-mouse CD4
antibody (1 µg, BD) and a FITC-Annexin V Apoptosis Detection kit I (BD). The expression level of FAS-L in
MSCs was evaluated by flow cytometry using the PE Rat anti-mouse FAS-L antibody (BD).

4.15. Statistical Analysis

The statistical significance of each data was compared by using the one-way, two-way analysis
of variance (ANOVA) and unpaired Student’s t-test. Graph Pad Prism 6 (GraphPad Software, La
Jolla, CA, USA) was used for the analyses. Significance levels were as follows: * p < 0.05, ** p < 0.01,
*** p < 0.001.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/21/8103/s1.

Author Contributions: K.T.A. and K.A.: whole experimental designing and performing animal experiment.
H.T.T.N., I.T. and M.O.: histological analysis and performing RT-PCR; M.K., T.K. (Teisaku Kohno) and A.Y.M.:
cell culture and statistical analysis. J.Z.: micro CT analysis. K.T.A., K.A., E.S.H. and T.K. (Takuo Kuboki): data
analysis and manuscript writing. T.K. (Takuo Kuboki): Financial support. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This research was funded by JSPS KAKENHI Grant Number JP20K21679, JP20K23109.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Health Organization. International Statistical Classification of Diseases and Related Health Problems.
Available online: https://icd.who.int/ (accessed on 23 October 2020).

2. Niccoli, T.; Partridge, L. Ageing as a Risk Factor for Disease. Curr. Biol. 2012, 22, R741–R752. [CrossRef]
3. Reeve, A.; Simcox, E.; Turnbull, D. Ageing and Parkinson’s disease: Why is advancing age the biggest risk

factor? Ageing Res. Rev. 2014, 14, 19–30. [CrossRef]
4. Fortier, L.A. Stem Cells: Classifications, Controversies, and Clinical Applications. Veter Surg. 2005, 34,

415–423. [CrossRef] [PubMed]
5. Mason, C.; Dunnill, P. A brief definition of regenerative medicine. Regen. Med. 2008, 3, 1–5. [CrossRef]

[PubMed]
6. Gronthos, S.; Mankani, M.; Brahim, J.; Robey, P.G.; Shi, S. Postnatal human dental pulp stem cells (DPSCs)

in vitro and invivo. Proc. Natl. Acad. Sci. USA 2000, 97, 13625–13630. [CrossRef] [PubMed]
7. Seo, B.-M.; Miura, M.; Gronthos, S.; Bartold, P.M.; Batouli, S.; Brahim, J.; Young, M.; Robey, P.G.; Wang, C.Y.;

Shi, S. Investigation of multipotent postnatal stem cells from human periodontal ligament. Lancet 2004, 364,
149–155. [CrossRef]

8. Zhang, F.; Tsai, S.; Kato, K.; Yamanouchi, D.; Wang, C.; Rafii, S.; Liu, B.; Kent, K.C. Transforming growth
factor-beta promotes recruitment of bone marrow cells and bone marrow-derived mesenchymal stem
cells through stimulation of MCP-1 production in vascular smooth muscle cells. J. Biol. Chem. 2009, 284,
17564–17574. [CrossRef] [PubMed]

http://www.mdpi.com/1422-0067/21/21/8103 /s1
https://icd.who.int/
http://dx.doi.org/10.1016/j.cub.2012.07.024
http://dx.doi.org/10.1016/j.arr.2014.01.004
http://dx.doi.org/10.1111/j.1532-950X.2005.00063.x
http://www.ncbi.nlm.nih.gov/pubmed/16266332
http://dx.doi.org/10.2217/17460751.3.1.1
http://www.ncbi.nlm.nih.gov/pubmed/18154457
http://dx.doi.org/10.1073/pnas.240309797
http://www.ncbi.nlm.nih.gov/pubmed/11087820
http://dx.doi.org/10.1016/S0140-6736(04)16627-0
http://dx.doi.org/10.1074/jbc.M109.013987
http://www.ncbi.nlm.nih.gov/pubmed/19406748


Int. J. Mol. Sci. 2020, 21, 8103 17 of 20

9. Liu, Y.; Wang, L.; Kikuiri, T.; Akiyama, K.; Chen, C.; Xu, X.; Yang, R.; Chen, W.; Wang, S.; Shi, S. Mesenchymal
stem cell-based tissue regeneration is governed by recipient T lymphocytes via IFN-gamma and TNF-alpha.
Nat. Med. 2011, 17, 1594–1601. [CrossRef]

10. Petrini, M.; Pacini, S.; Fazzi, R.; Trombi, L.; Galimberti, S.; Petrini, I. Mesenchymal cells inhibit expansion but
not cytotoxicity exerted by gamma-delta T cells. Eur. J. Clin. Investig. 2009, 39, 813–818. [CrossRef] [PubMed]

11. Rasmusson, I.; Le Blanc, K.; Sundberg, B.; Ringdén, O. Mesenchymal Stem Cells Stimulate Antibody Secretion
in Human B Cells. Scand. J. Immunol. 2007, 65, 336–343. [CrossRef]

12. Traggiai, E.; Volpi, S.; Schena, F.; Gattorno, M.; Ferlito, F.; Moretta, L.; Martini, A. Bone Marrow-Derived
Mesenchymal Stem Cells Induce Both Polyclonal Expansion and Differentiation of B Cells Isolated from
Healthy Donors and Systemic Lupus Erythematosus Patients. STEM CELLS 2008, 26, 562–569. [CrossRef]
[PubMed]

13. Spaggiari, G.M.; Abdelrazik, H.; Becchetti, F.; Moretta, L. MSCs inhibit monocyte-derived DC maturation
and function by selectively interfering with the generation of immature DCs: Central role of MSC-derived
prostaglandin E2. Blood 2009, 113, 6576–6583. [CrossRef] [PubMed]

14. González, M.A.; Gonzalez-Rey, E.; Rico, L.; Büscher, D.; Delgado, M. Treatment of experimental arthritis by
inducing immune tolerance with human adipose-derived mesenchymal stem cells. Arthritis Rheum. 2009, 60,
1006–1019. [CrossRef]

15. Akiyama, K.; Chen, C.; Wang, D.; Xu, X.; Qu, C.; Yamaza, T.; Cai, T.; Chen, W.; Sun, L.; Shi, S.
Mesenchymal-stem-cell-induced immunoregulation involves FAS-ligand-/FAS-mediated T cell apoptosis.
Cell Stem Cell 2012, 10, 544–555. [CrossRef]

16. Kitaori, T.; Ito, H.; Schwarz, E.M.; Tsutsumi, R.; Yoshitomi, H.; Oishi, S.; Nakano, M.; Fujii, N.; Nagasawa, T.;
Nakamura, T. Stromal cell-derived factor 1/CXCR4 signaling is critical for the recruitment of mesenchymal
stem cells to the fracture site during skeletal repair in a mouse model. Arthritis Rheum. 2009, 60, 813–823.
[CrossRef] [PubMed]

17. Joraku, A.; Sullivan, C.A.; Yoo, J.J.; Atala, A. Tissue Engineering of Functional Salivary Gland Tissue.
Laryngoscope 2005, 115, 244–248. [CrossRef]

18. Ono, M.; Oshima, M.; Ogawa, M.; Sonoyama, W.; Hara, E.S.; Oida, Y.; Shinkawa, S.; Nakajima, R.;
Mine, A.; Hayano, S.; et al. Practical whole-tooth restoration utilizing autologous bioengineered tooth germ
transplantation in a postnatal canine model. Sci. Rep. 2017, 7, 44522. [CrossRef]

19. Le Blanc, K.; Frassoni, F.; Ball, L.; Locatelli, F.; Roelofs, H.; Lewis, I.; Lanino, E.; Sundberg, B.; Bernardo, M.E.;
Remberger, M.; et al. Developmental Committee of the European Group for, B.; Marrow, T. Mesenchymal
stem cells for treatment of steroid-resistant, severe, acute graft-versus-host disease: A phase II study. Lancet
2008, 371, 1579–1586. [CrossRef]

20. Zhang, Q.; Shi, S.; Liu, Y.; Uyanne, J.; Shi, Y.; Shi, S.; Le, A.D. Mesenchymal Stem Cells Derived from
Human Gingiva Are Capable of Immunomodulatory Functions and Ameliorate Inflammation-Related Tissue
Destruction in Experimental Colitis. J. Immunol. 2009, 183, 7787–7798. [CrossRef]

21. Kikuiri, T.; Kim, I.; Yamaza, T.; Akiyama, K.; Zhang, Q.; Li, Y.; Chen, C.; Chen, W.; Wang, S.; Le, A.D.; et al.
Cell-based immunotherapy with mesenchymal stem cells cures bisphosphonate-related osteonecrosis of the
jaw-like disease in mice. J. Bone Miner. Res. 2010, 25, 1668–1679. [CrossRef]

22. Nagata, M.; Hoshina, H.; Li, M.; Arasawa, M.; Uematsu, K.; Ogawa, S.; Yamada, K.; Kawase, T.; Suzuki, K.;
Ogose, A.; et al. A clinical study of alveolar bone tissue engineering with cultured autogenous periosteal
cells: Coordinated activation of bone formation and resorption. Bone 2012, 50, 1123–1129. [CrossRef]

23. Raggi, C.; Berardi, A.C. Mesenchymal stem cells, aging and regenerative medicine. Muscle Ligaments Tendons
J. 2012, 2, 239–242.

24. Bustos, M.L.; Huleihel, L.; Kapetanaki, M.G.; Lino-Cardenas, C.L.; Mroz, L.; Ellis, B.M.; McVerry, B.J.;
Richards, T.J.; Kaminski, N.; Cerdenes, N.; et al. Aging Mesenchymal Stem Cells Fail to Protect Because
of Impaired Migration and Antiinflammatory Response. Am. J. Respir. Crit. Care Med. 2014, 189, 787–798.
[CrossRef] [PubMed]

25. Bruna, F.; Contador, D.; Conget, P.; Erranz, B.B.; Sossa, C.L.; Arango-Rodríguez, M.L. Regenerative Potential
of Mesenchymal Stromal Cells: Age-Related Changes. Stem Cells Int. 2016, 2016, 1–15. [CrossRef]

26. Josephson, A.M.; Bradaschia-Correa, V.; Lee, S.; Leclerc, K.; Patel, K.S.; Lopez, E.M.; Litwa, H.P.; Neibart, S.S.;
Kadiyala, M.; Wong, M.Z.; et al. Age-related inflammation triggers skeletal stem/progenitor cell dysfunction.
Proc. Natl. Acad. Sci. USA 2019, 116, 6995–7004. [CrossRef]

http://dx.doi.org/10.1038/nm.2542
http://dx.doi.org/10.1111/j.1365-2362.2009.02171.x
http://www.ncbi.nlm.nih.gov/pubmed/19522834
http://dx.doi.org/10.1111/j.1365-3083.2007.01905.x
http://dx.doi.org/10.1634/stemcells.2007-0528
http://www.ncbi.nlm.nih.gov/pubmed/18024418
http://dx.doi.org/10.1182/blood-2009-02-203943
http://www.ncbi.nlm.nih.gov/pubmed/19398717
http://dx.doi.org/10.1002/art.24405
http://dx.doi.org/10.1016/j.stem.2012.03.007
http://dx.doi.org/10.1002/art.24330
http://www.ncbi.nlm.nih.gov/pubmed/19248097
http://dx.doi.org/10.1097/01.mlg.0000154726.77915.cc
http://dx.doi.org/10.1038/srep44522
http://dx.doi.org/10.1016/S0140-6736(08)60690-X
http://dx.doi.org/10.4049/jimmunol.0902318
http://dx.doi.org/10.1002/jbmr.37
http://dx.doi.org/10.1016/j.bone.2012.02.631
http://dx.doi.org/10.1164/rccm.201306-1043OC
http://www.ncbi.nlm.nih.gov/pubmed/24559482
http://dx.doi.org/10.1155/2016/1461648
http://dx.doi.org/10.1073/pnas.1810692116


Int. J. Mol. Sci. 2020, 21, 8103 18 of 20

27. Lukjanenko, L.; Karaz, S.; Stuelsatz, P.; Gurriaran-Rodriguez, U.; Michaud, J.; Dammone, G.; Sizzano, F.;
Mashinchian, O.; Ancel, S.; Migliavacca, E.; et al. Aging Disrupts Muscle Stem Cell Function by Impairing
Matricellular WISP1 Secretion from Fibro-Adipogenic Progenitors. Cell Stem Cell 2019, 24, 433–446.e7.
[CrossRef]

28. Wu, L.W.; Wang, Y.-L.; Christensen, J.M.; Khalifian, S.; Schneeberger, S.; Raimondi, G.; Cooney, D.S.; Lee, W.A.;
Brandacher, G. Donor age negatively affects the immunoregulatory properties of both adipose and bone
marrow derived mesenchymal stem cells. Transpl. Immunol. 2014, 30, 122–127. [CrossRef] [PubMed]

29. Liang, X.; Wei, G.; Guojun, W.; Wen, G.; Qi, B.; Xu, L.; Tao, S. Donor Age and Cell Passage Affect Osteogenic
Ability of Rat Bone Marrow Mesenchymal Stem Cells. Cell Biophys. 2015, 72, 543–549. [CrossRef]

30. Newman, M.G.; Takei, H.H.; Klokkevold, P.R.; Carranza, F.A. Newman and Carranza’s Clinical Periodontology,
13th ed.; Elsevier: Philadelphia, PA, USA, 2019; Volume xxiii, 913p.

31. Graves, D.; Cochran, D. The Contribution of Interleukin-1 and Tumor Necrosis Factor to Periodontal Tissue
Destruction. J. Periodontol. 2003, 74, 391–401. [CrossRef]

32. Lu, H.-K.; Chen, Y.-L.; Chang, H.-C.; Li, C.-L.; Kuo, M.Y.-P. Identification of the osteoprotegerin/receptor
activator of nuclear factor-kappa B ligand system in gingival crevicular fluid and tissue of patients with
chronic periodontitis. J. Periodontal Res. 2006, 41, 354–360. [CrossRef]

33. Chen, B.; Wu, W.; Sun, W.; Zhang, Q.; Yan, F.; Xiao, Y. RANKL Expression in Periodontal Disease: Where
Does RANKL Come from? BioMed Res. Int. 2014, 2014. [CrossRef]

34. Campbell, L.; Millhouse, E.; Malcolm, J.; Culshaw, S. T cells, teeth and tissue destruction what do T cells do
in periodontal disease? Mol. Oral Microbiol. 2015, 31, 445–456. [CrossRef]

35. Beck, J.D.; Sharp, T.; Koch, G.G.; Offenbacher, S. A 5-year study of attachment loss and tooth loss in
community-dwelling older adults. J. Periodontal Res. 1997, 32, 516–523. [CrossRef]

36. Baelum, V.; Luan, W.-M.; Chen, X.; Fejerskov, O. Predictors of destructive periodontal disease incidence and
progression in adult and elderly Chinese. Community Dent. Oral Epidemiol. 1997, 25, 265–272. [CrossRef]

37. Eke, P.; Dye, B.; Wei, L.; Thornton-Evans, G.; Genco, R. Prevalence of Periodontitis in Adults in the United
States: 2009 and 2010. J. Dent. Res. 2012, 91, 914–920. [CrossRef]

38. Luk, F.; Carreras-Planella, L.; Korevaar, S.S.; De Witte, S.F.H.; Borràs, F.E.; Betjes, M.G.H.; Baan, C.C.;
Hoogduijn, M.J.; Franquesa, M. Inflammatory Conditions Dictate the Effect of Mesenchymal Stem or Stromal
Cells on B Cell Function. Front. Immunol. 2017, 8, 1042. [CrossRef]

39. Spaggiari, G.M.; Capobianco, A.; Abdelrazik, H.; Becchetti, F.; Mingari, M.C.; Moretta, L. Mesenchymal
stem cells inhibit natural killer–cell proliferation, cytotoxicity, and cytokine production: Role of indoleamine
2,3-dioxygenase and prostaglandin E2. Blood 2008, 111, 1327–1333. [CrossRef]

40. Kassebaum, N.J.; Bernabé, E.; Dahiya, M.; Bhandari, B.; Murray, C.J.L.; Marcenes, W. Global Burden of Severe
Periodontitis in 1990-2010. J. Dent. Res. 2014, 93, 1045–1053. [CrossRef]

41. Liang, S.; Hosur, K.B.; Domon, H.; Hajishengallis, G. Periodontal inflammation and bone loss in aged mice.
J. Periodontal Res. 2010, 45, 574–578. [CrossRef]

42. Hasan, A.; Palmer, R.M. A clinical guide to periodontology: Pathology of periodontal disease. Br. Dent. J.
2014, 216, 457–461. [CrossRef]

43. Karimzadeh, K.; Morrison, J.; Zadeh, H.H. Comparison of gingival and peripheral blood T cells among
patients with periodontitis suggests skewing of the gingival T cell antigen receptor V beta repertoire.
J. Periodontal Res. 1999, 34, 445–456. [CrossRef] [PubMed]

44. Kawai, T.; Matsuyama, T.; Hosokawa, Y.; Makihira, S.; Seki, M.; Karimbux, N.Y.; Goncalves, R.B.; Valverde, P.;
Dibart, S.; Li, Y.-P.; et al. B and T Lymphocytes Are the Primary Sources of RANKL in the Bone Resorptive
Lesion of Periodontal Disease. Am. J. Pathol. 2006, 169, 987–998. [CrossRef] [PubMed]

45. DeLima, A.J.; Oates, T.; Assuma, R.; Schwartz, Z.; Cochran, D.; Amar, S.; Graves, D.T. Soluble antagonists
to interleukin-1 (IL-1) and tumor necrosis factor (TNF) inhibits loss of tissue attachment in experimental
periodontitis. J. Clin. Periodontol. 2001, 28, 233–240. [CrossRef] [PubMed]

46. Benayoun, B.A.; Pollina, E.A.; Brunet, A. Epigenetic regulation of ageing: Linking environmental inputs to
genomic stability. Nat. Rev. Mol. Cell Biol. 2015, 16, 593–610. [CrossRef] [PubMed]

47. Schumacher, B.; Garinis, G.A.; Hoeijmakers, J.H.J. Age to survive: DNA damage and aging. Trends Genet.
2008, 24, 77–85. [CrossRef]

48. Jaenisch, R.; Bird, A. Epigenetic regulation of gene expression: How the genome integrates intrinsic and
environmental signals. Nat. Genet. 2003, 33, 245–254. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.stem.2018.12.014
http://dx.doi.org/10.1016/j.trim.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24632513
http://dx.doi.org/10.1007/s12013-014-0500-9
http://dx.doi.org/10.1902/jop.2003.74.3.391
http://dx.doi.org/10.1111/j.1600-0765.2006.00883.x
http://dx.doi.org/10.1155/2014/731039
http://dx.doi.org/10.1111/omi.12144
http://dx.doi.org/10.1111/j.1600-0765.1997.tb00567.x
http://dx.doi.org/10.1111/j.1600-0528.1997.tb00938.x
http://dx.doi.org/10.1177/0022034512457373
http://dx.doi.org/10.3389/fimmu.2017.01042
http://dx.doi.org/10.1182/blood-2007-02-074997
http://dx.doi.org/10.1177/0022034514552491
http://dx.doi.org/10.1111/j.1600-0765.2009.01245.x
http://dx.doi.org/10.1038/sj.bdj.2014.299
http://dx.doi.org/10.1111/j.1600-0765.1999.tb02280.x
http://www.ncbi.nlm.nih.gov/pubmed/10697801
http://dx.doi.org/10.2353/ajpath.2006.060180
http://www.ncbi.nlm.nih.gov/pubmed/16936272
http://dx.doi.org/10.1034/j.1600-051x.2001.028003233.x
http://www.ncbi.nlm.nih.gov/pubmed/11284536
http://dx.doi.org/10.1038/nrm4048
http://www.ncbi.nlm.nih.gov/pubmed/26373265
http://dx.doi.org/10.1016/j.tig.2007.11.004
http://dx.doi.org/10.1038/ng1089
http://www.ncbi.nlm.nih.gov/pubmed/12610534


Int. J. Mol. Sci. 2020, 21, 8103 19 of 20

49. Kujoth, G.C.; Hiona, A.; Pugh, T.D.; Someya, S.; Panzer, K.; Wohlgemuth, S.E.; Hofer, T.; Seo, A.Y.; Sullivan, R.;
Jobling, W.A.; et al. Mitochondrial DNA Mutations, Oxidative Stress, and Apoptosis in Mammalian Aging.
Science 2005, 309, 481–484. [CrossRef]

50. Wu, Y.; Zhao, R.C.; Tredget, E.E. Concise review: Bone marrow-derived stem/progenitor cells in cutaneous
repair and regeneration. Stem Cells 2010, 28, 905–915.

51. Houlihan, D.D.; Mabuchi, Y.; Morikawa, S.; Niibe, K.; Araki, D.; Suzuki, S.; Okano, H.; Matsuzaki, Y. Isolation
of mouse mesenchymal stem cells on the basis of expression of Sca-1 and PDGFR-α. Nat. Protoc. 2012, 7,
2103–2111. [CrossRef]

52. Takashima, Y.; Era, T.; Nakao, K.; Kondo, S.; Kasuga, M.; Smith, A.; Nishikawa, S.-I. Neuroepithelial Cells
Supply an Initial Transient Wave of MSC Differentiation. Cell 2007, 129, 1377–1388. [CrossRef]

53. Zhou, B.O.; Yue, R.; Murphy, M.M.; Peyer, J.G.; Morrison, S.J. Leptin-Receptor-Expressing Mesenchymal
Stromal Cells Represent the Main Source of Bone Formed by Adult Bone Marrow. Cell Stem Cell 2014, 15,
154–168. [CrossRef] [PubMed]

54. Rochefort, G.Y.; Delorme, B.; Lopez, A.; Hérault, O.; Bonnet, N.; Charbord, P.; Eder, V.; Domenech, J.
Multipotential Mesenchymal Stem Cells Are Mobilized into Peripheral Blood by Hypoxia. Stem Cells 2006,
24, 2202–2208. [CrossRef]

55. Iinuma, S.; Aikawa, E.; Tamai, K.; Fujita, R.; Kikuchi, Y.; Chino, T.; Kikuta, J.; McGrath, J.A.; Uitto, J.;
Ishii, M.; et al. Transplanted Bone Marrow–Derived Circulating PDGFRα+ Cells Restore Type VII Collagen in
Recessive Dystrophic Epidermolysis Bullosa Mouse Skin Graft. J. Immunol. 2015, 194, 1996–2003. [CrossRef]

56. Stenderup, K.; Justesen, J.; Clausen, C.; Kassem, M. Aging is associated with decreased maximal life span
and accelerated senescence of bone marrow stromal cells. Bone 2003, 33, 919–926. [CrossRef] [PubMed]

57. Coipeau, P.; Rosset, P.; Langonne, A.; Gaillard, J.; Delorme, B.; Rico, A.; Domenech, J.; Charbord, P.; Sensebé, L.
Impaired differentiation potential of human trabecular bone mesenchymal stromal cells from elderly patients.
Cytotherapy 2009, 11, 584–594. [CrossRef] [PubMed]

58. Justesen, J.; Stenderup, K.; Ebbesen, E.; Mosekilde, L.; Steiniche, T.; Kassem, M. Adipocyte tissue volume
in bone marrow is increased with aging and in patients with osteoporosis. Biogerontology 2001, 2, 165–171.
[CrossRef] [PubMed]

59. Fan, J.; An, X.; Yang, Y.; Xu, H.; Fan, L.; Deng, L.; Li, T.; Weng, X.; Zhang, J.; Chunhua Zhao, R. MiR-1292
Targets FZD4 to Regulate Senescence and Osteogenic Differentiation of Stem Cells in TE/SJ/Mesenchymal
Tissue System via the Wnt/beta-catenin Pathway. Aging Dis. 2018, 9, 1103–1121. [CrossRef]

60. Liu, J.; Ding, Y.; Liu, Z.; Liang, X. Senescence in Mesenchymal Stem Cells: Functional Alterations, Molecular
Mechanisms, and Rejuvenation Strategies. Front. Cell Dev. Biol. 2020, 8, 258. [CrossRef]

61. Dimri, G.P.; Lee, X.; Basile, G.; Acosta, M.; Scott, G.; Roskelley, C.; Medrano, E.E.; Linskens, M.; Rubelj, I.;
Pereira-Smith, O. A biomarker that identifies senescent human cells in culture and in aging skin in vivo.
Proc. Natl. Acad. Sci. USA 1995, 92, 9363–9367. [CrossRef]

62. Dewald, H.K.; Martínez-Zamudio, R.I.; Vasilopoulos, T.; Herbig, U.; Fitzgerald-Bocarsly, P. Senescence-
associated β-galactosidase activity and other markers of senescence are present in human peripheral blood
mononuclear cells during healthy aging. J. Immunol. 2020, 204, 154.15.

63. Hohlbaum, A.M.; Gregory, M.S.; Ju, S.-T.; Marshak-Rothstein, A. Fas ligand engagement of resident peritoneal
macrophages in vivo induces apoptosis and the production of neutrophil chemotactic factors. J. Immunol.
2001, 167, 6217–6224. [CrossRef]

64. Pluchino, S.; Zanotti, L.; Rossi, B.; Brambilla, E.; Ottoboni, L.; Salani, G.; Martinello, M.; Cattalini, A.;
Bergami, A.; Furlan, R.; et al. Neurosphere-derived multipotent precursors promote neuroprotection by an
immunomodulatory mechanism. Nat. Cell Biol. 2005, 436, 266–271. [CrossRef]

65. Zhang, Y.; Xu, G.; Zhang, L.; Roberts, A.I.; Shi, Y. Th17 cells undergo Fas-mediated activation-induced cell
death independent of IFN-gamma. J. Immunol. 2008, 181, 190–196. [CrossRef]

66. Kilpinen, L.; Tigistu-Sahle, F.; Oja, S.; Greco, D.; Parmar, A.; Saavalainen, P.; Nikkilä, J.; Korhonen, M.;
Lehenkari, P.; Käkelä, R.; et al. Aging bone marrow mesenchymal stromal cells have altered membrane
glycerophospholipid composition and functionality. J. Lipid Res. 2012, 54, 622–635. [CrossRef] [PubMed]

67. Kaboosaya, B.; Wulansari, L.K.; Aoki, K.; Kasugai, S. Ligation Period Required to Induce Periodontitis in
Mice: Analysis with Micro-computed Tomography. J. Oral Tissue Eng. 2017, 15, 25–34.

http://dx.doi.org/10.1126/science.1112125
http://dx.doi.org/10.1038/nprot.2012.125
http://dx.doi.org/10.1016/j.cell.2007.04.028
http://dx.doi.org/10.1016/j.stem.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/24953181
http://dx.doi.org/10.1634/stemcells.2006-0164
http://dx.doi.org/10.4049/jimmunol.1400914
http://dx.doi.org/10.1016/j.bone.2003.07.005
http://www.ncbi.nlm.nih.gov/pubmed/14678851
http://dx.doi.org/10.1080/14653240903079385
http://www.ncbi.nlm.nih.gov/pubmed/19626496
http://dx.doi.org/10.1023/A:1011513223894
http://www.ncbi.nlm.nih.gov/pubmed/11708718
http://dx.doi.org/10.14336/AD.2018.1110
http://dx.doi.org/10.3389/fcell.2020.00258
http://dx.doi.org/10.1073/pnas.92.20.9363
http://dx.doi.org/10.4049/jimmunol.167.11.6217
http://dx.doi.org/10.1038/nature03889
http://dx.doi.org/10.4049/jimmunol.181.1.190
http://dx.doi.org/10.1194/jlr.M030650
http://www.ncbi.nlm.nih.gov/pubmed/23271708


Int. J. Mol. Sci. 2020, 21, 8103 20 of 20

68. Caroti, C.M.; Ahn, H.; Salazar, H.F.; Joseph, G.; Sankar, S.B.; Willett, N.J.; Wood, L.B.; Taylor, W.R.; Lyle, A.N.
A Novel Technique for Accelerated Culture of Murine Mesenchymal Stem Cells that Allows for Sustained
Multipotency. Sci. Rep. 2017, 7, 1–14. [CrossRef]

69. Hara, E.S.; Ono, M.; Eguchi, T.; Kubota, S.; Pham, H.T.; Sonoyama, W.; Tajima, S.; Takigawa, M.;
Calderwood, S.K.; Kuboki, T. miRNA-720 Controls Stem Cell Phenotype, Proliferation and Differentiation of
Human Dental Pulp Cells. PLoS ONE 2013, 8, e83545. [CrossRef]

70. Komori, T.; Ono, M.; Hara, E.S.; Ueda, J.; Nguyen, H.T.T.; Yonezawa, T.; Maeba, T.; Kimura-Ono, A.;
Takarada, T.; Momota, R.; et al. Type IV collagen α6 chain is a regulator of keratin 10 in keratinization of oral
mucosal epithelium. Sci. Rep. 2018, 8, 2612. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41598-017-13477-y
http://dx.doi.org/10.1371/journal.pone.0083545
http://dx.doi.org/10.1038/s41598-018-21000-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Severe Bone Resorption after Ligation in Aged Mice 
	Increased Inflammatory Cell Accumulation at the Periodontal Bone Destruction Area in Aged Mice 
	Decreased MSCs Number in Aged Mice 
	Functional Impairment of Aged MSCs 

	Discussion 
	Materials and Methods 
	Animals 
	Periodontitis Model 
	Micro CT Analysis 
	Histological Analysis 
	Immunohistochemical Analysis 
	Cell Culture 
	Colony-Forming Unit Fibroblastic (CFU-f) Assay 
	In Vitro Wound-Healing Assay 
	Cell Surface Antigen Analysis 
	In Vitro Osteogenic and Adipogenic Differentiation 
	Reverse Transcription and Real-Time Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 
	Senescence Detection Assay 
	Isolation, Activation, and Culture of T Cells 
	Induction of T Cell Apoptosis 
	Statistical Analysis 

	References

