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Abstract

(add specific directions for each type here)

Specific Aims

Maxillary transverse deficiency is a common skeletal deformity of the craniofacial region with about 21% of
children in the primary dentition. It leads to occlusal disharmony, facial asymmetry, and breathing problems.
To address this, the maxillary expansion procedure has been used for more than 50 years, including the
separation of two maxillae and allowing new bone to fill in the midpalatal suture area for about six months.
Even after a long retention period, relapses are frequently observed, and the underlying mechanisms of how
the mechanical force converts into biochemical responses are largely unknown. Mesenchymal stem cells
(MSCs) in the midpalatal suture have been suggested to proliferate and differentiate into osteoblasts when
the suture is expanded. MSCs maintain craniofacial bone homeostasis and interact with osteoclasts and
osteoblasts in the bone remodeling process. The Glil+ cells within the suture mesenchyme are considered as
the main MSC population for craniofacial bones, whereas their ablation leads to craniosynostosis and arrest
of skull growth, demonstrating the importance of these cells. The nuclear factor kappa B (NF-kB) is a central
regulator of inflammation and bone homeostasis and controls cell proliferation, apoptosis, and
differentiation. Interestingly, a recent study supports that the sterile inflammation-induced bone resorption
must precede the anabolic response to tensile force during the maxillary expansion. Our preliminary data
demonstrate a substantial increase in the number of Glil+ cells during maxillary expansion. Moreover, palatal
expansion stimulates the increased expression of NF-kB and IL-1[. Thus, we propose a central hypothesis
that the NF-kB activation in MSCs is essential in tensile force-induced bone remodeling by i) increasing the
proinflammatory cytokines, which initiates osteoclastogenesis and subsequent coupled new bone formation,
and ii) increasing the number of MSCs through its effect on proliferation and/or apoptosis. We will test this
hypothesis by Glil+ cells lineage tracing and lineage-specific deletion of NF-kB activation in MSCs using the
genetically modified mice.

Aim 1: To examine the lineage tracing of Gli1+ cells in the tensile force-induced bone remodeling. We will
examine Glil-CreERT2+.ROSA26/Ai9 mice. In those mice, MSCs are genetically altered to permanently
express TdTomato with tamoxifen administration, allowing us to map these cells' fate in vivo. To induce Cre
activity, we will administer tamoxifen orally to 4-week-old Glil-CreERT2+-ROSA26/Ai9 mice for 5
consecutive days. For control we will give corn oil only instead of tamoxifen in the same manner. One week
after the last administration we will perform maxillary expansion with 6-week-old mice. An opening loop will
be bonded to the first and second maxillary molars on both sides, providing an initial force of 25 g. Mice with
dead opening loops (no expansion force) will serve as another control. Mice will be euthanized on day 3, 7,
and 14 (n = 10 for each group).

a. To determine the number and activity of the Glil+ cells during maxillary expansion
b. To examine the osteogenic differentiation and identify osteoblasts during maxillary expansion

Aim 2: To investigate the effect and mechanism of NF-kB inhibition in MSCs on bone remodeling during
maxillary expansion. IKKf is required for activation of the classical NF-kB pathway and mediates the primary
inflammatory responses. We will examine the experimental Glil-CreERT2+.ROSA26/Ai9.IKKBL/L and control
Gli1-CreERT2+.ROSA26/Ai9 mice as proposed in Aim 1. These experimental transgenic mice carry the
ROSA26/Ai9 reporter transgene in addition to the floxed IKKf gene.

a. To determine the effect of NF-kB inhibition in MSCs on bone remodeling during maxillary expansion
b. To determine whether NF-kB inhibition in MSCs affects osteoclastogenesis through the IL-1f3 and/or
RANKL regulation

c. To examine the effect of NF-kB inhibition on the proliferation and apoptosis of MSCs

Future Research Plans
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In this proposal, we will determine the role of NF-kB in MSCs during tensile force-induced bone remodeling.
Our findings will form the basis of future treatment not only for the maxillary expansion but also for
craniofacial deformity patients. Currently, orthodontists have observed the different responses after
expansion according to the patients’ age. For the next step, [ will focus on the role of NF-kB in MSC in aging. It
will help develop the strategies for precision treatment to expedite new bone formation and reduce relapse in
older patients.

Respond to the following questions:

Detailed results and inferences:*

If the work has been published, please attach a pdf of manuscript below by clicking "Upload a file".

OR

Use the text box below to describe in detail the results of your study. The intent is to share the knowledge you
have generated with the AAOF and orthodontic community specifically and other who may benefit from your
study. Table, Figures, Statistical Analysis, and interpretation of results should also be attached by clicking "Upload a
file".

Due to the large file size, the PDF version of the published manuscript will be sent separately via email.

[PMID: 40324615] Jeon, H.H.t*, Contreras Salas, M.C., Park, K., Fisher, L., Ha, S., Palmer, C., Chan, F., Graves,
D.T. Comparison of the Bone Remodeling in the Midpalatal Suture during Maxillary Expansion between Young
and Middle-Aged Mice. Bone. 2025 Aug:197:117512.

Were the original, specific aims of the proposal realized?*

The results from Aim 1 have been published. We are currently analyzing the Aim 2 data and preparing a
manuscript for submission. In addition, based on the preliminary data generated with support from the BRA, I
plan to submit an R21 application during the October funding cycle.

Were the results published?*
Yes

Have the results of this proposal been presented?*
Yes

To what extent have you used, or how do you intend to use, AAOF funding to

further your career?*

The AAOF BRA provided critical support for generating data that contributed to two manuscripts. In addition,
the preliminary findings obtained through this funding have formed the basis of an R21 application that I am
currently preparing for submission in the October funding cycle.
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The AAOF BRA also supported conference attendance, enabling me to present our research findings at
national meetings, including the 2025 and 2026 AADOCR Annual Meetings.

Accounting: Were there any leftover funds?
$0.00
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ARTICLE INFO ABSTRACT

Keywords:
Maxillary expansion

Maxillary expansion is a common orthodontic procedure for treating maxillary transverse deficiency. However,
- the cell responses to mechanical force may vary across different age groups, suggesting the need for age-specific
Aging . treatment protocols. To compare the age-related responses to the mechanical force, we examined the 6-week-
II\S/IZ[;:;;I; ::;lzim cell (MSC) and 12-month-old mice undergoing maxillary expansion with 0.012-in. stainless steel orthodontic wire
Osteogenesis bonded to the maxillary first and second molars (25 g force). Mice were euthanized on days 0, 3, 7, and 14 for
Osteoclastogenesis analysis. MicroCT analysis, tartrate-resistant acid phosphatase (TRAP) stain, and immunofluorescence/immu-

nohistochemistry stain using antibodies to RUNX2, alkaline phosphatase (ALP), Glil and Ki67 along with the
TUNEL assay, were conducted to evaluate suture width, osteoclast activity, new bone formation and mesen-
chymal stem cell (MSC) proliferation and apoptosis. Both 6-week- and 12-month-old mice exhibited successful
midpalatal suture opening, but young mice demonstrated earlier and more intense osteoclast activity, along with
higher expression of RUNX2 and ALP. Young mice also exhibited a higher percentage of Glil+Ki67+ immu-
nopositive cells, while middle-aged mice showed a higher percentage of Glil+TUNEL+ positive cells on day 3
after maxillary expansion. Our findings suggest that aging negatively impacts mechanical force-induced bone
remodeling by reducing osteoclastogenesis, osteogenesis, and MSC proliferation while increasing MSC apoptosis.

1. Introduction

Maxillary transverse deficiency is a prevalent skeletal deformity
affecting approximately 23.3 % of children in primary dentition and 30
% of adult orthodontic patients [1,2]. This condition can result in
occlusal disharmony, facial asymmetry, and breathing difficulties. To
address this issue, the maxillary expansion procedure has been utilized
for over five decades. During maxillary expansion mechanical force
separates the two maxillae, creating a gap in the midpalatal suture.
Initially, this gap is filled with blood and granulation tissue, followed by
active new bone formation [3-5]. It is generally recommended to
maintain an expander for 4-6 months to ensure adequate bone forma-
tion and remodeling, regardless of the patient's age. Until now, most
research has focused on reducing resistance from the circummaxillary
sutures or enhancing skeletal anchorage during maxillary expansion in
adult patients. Bone formation and mineralization within the midpalatal
suture are essential for the success and stability of maxillary expansion

[6]. However, despite its critical role, few studies have evaluated and
compared bone formation in the midpalatal suture across different age
groups.

Mesenchymal stem cells (MSCs) exist in the craniofacial suture,
maintain bone homeostasis and interact with osteoclasts and osteoblasts
in the bone remodeling process. These versatile cells can differentiate
into various cell types, such as osteoblasts, chondrocytes, and adipo-
cytes. In addition, MSCs are responsive to mechanical cues, with their
differentiation fate being modulated by mechanical stimuli [7-9]. When
subjected to tensile forces, MSCs tend to differentiate into osteoblasts,
contributing to bone formation [10]. A study demonstrates that local
injection of MSCs into the midpalatal suture after expansion enhances
bone formation by augmenting the osteoblast population [11]. Notably,
within craniofacial sutures, Glil+ cells constitute the primary MSC
population and exhibit rapid activation following expansion [4,12-14].
Conversely, depletion of Glil+ cells results in craniosynostosis and
stunts skull growth, underscoring their critical role in craniofacial bone
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development [12].

According to the American Association of Orthodontists, the pro-
portion of adult orthodontic patients has risen significantly, comprising
about 25 % of the total orthodontic patient population [15,16]. Conse-
quently, there has been a corresponding increase in demand for maxil-
lary expansion among adult patients. Interestingly, despite possible age-
related differences in biological responses to tensile force, a uniform 4-6
months retention protocol has been applied clinically across all age
groups. MSCs have garnered significant attention in tissue regeneration
due to their self-renewal and multipotency. However, understanding the
age-related impacts on MSC functions has produced conflicting results
[17-22]. While some studies have found no discernible age-related
differences in MSC functions, particularly in osteogenic differentiation
and proliferation, others have reported diminished proliferative, anti-
inflammatory, and multipotent potentials in older individuals. These
inconsistencies warrant further investigation, especially concerning the
age-related impacts of MSCs on osteogenesis during maxillary
expansion.

Therefore, we aim to assess the effects of aging on osteoblast and
osteoclast responses to mechanical force, as well as MSC proliferation
and apoptosis in the short term, using 6-week-old and 12-month-old
mice models.

2. Materials and methods
2.1. Mouse maxillary expansion model

Mouse experiments were approved by the University of Pennsylvania
Institutional Animal Care and Use Committee. The maxillary expansion
devices were applied to mice aged 6 weeks and 12 months under general
anesthesia, administered via intraperitoneal injection of ketamine (80
mg/kg) and xylazine (5 mg/kg), following established protocols [10].
Mice aged 6 weeks correspond to early adolescence in humans, with
both first and second molars fully erupted, while mice aged 12 months
represent the middle-aged stage in humans [10]. Initially, a 0.012-in.
stainless steel orthodontic wire forming an opening loop was affixed
to the first and second maxillary molars bilaterally using light-cured
adhesive (3 M Unitek, Monrovia, CA), applying an initial force of 25 g
(Fig. 1). The initial width of the expander is set to 2.5 mm at the
maxillary first molar level, and it is activated to 2 mm (0.5 mm activa-
tion with 25 g of force). Mice were euthanized on days 0, 3, 7, and 14 (n
= 8 for each group, gender evenly distributed). Previous studies on
maxillary expansion indicated that osteoclasts appeared by day 3 post-
force application, peaking on day 5 and declining by day 7 [23]. New
bone formation was first observed at the palatal bone edges on day 7,
with continued sutural width increase until day 14 [10]. Throughout the
experiment, mice were weighed every three days and housed in cages
containing 2 to 5 individuals under standard conditions, with a 14-h
light and 10-h dark cycle. All animals received powdered food (Die-
tGel, ClearH20, Westbrook, ME) and had unrestricted access to water,
with continuous monitoring for their well-being.

2.2. MicroCT

Specimens were fixed in 4 % paraformaldehyde in PBS at 4 °C for 24
h before being subjected to microCT scanning (MicroCT35; SCANCO
Medical, Bassersdorf, Switzerland) at settings of 55kVp and 145 pA in-
tensity, with an integration time of 200 ms. The maxillary molar regions
were scanned at a 20 pm isotropic voxel size. After reconstruction, all
images were converted to DICOM format and imported into OsiriX
(Pixmeo SARL, Bernex, Switzerland) for analysis. Suture width was
measured at the nasal, middle, and oral thirds of the midpalatal suture at
the midpoint of the palatal roots of the maxillary first molars using
multi-planar reconstruction (Fig. 2). Intermolar width was determined
as the distance between the palatal root apices, furcation and crowns at
coronal heights of contours (Table 2).

Bone 197 (2025) 117512

Fig. 1. Mouse maxillary expansion model. An 0.012-in. stainless steel or-
thodontic wire forming an opening loop was bonded to the 1st and 2nd
maxillary molars bilaterally using light-cured adhesive. The initial width of the
expander is set to 2.5 mm, and it is activated to 2 mm to exert a force of 25 g.
Bar, 1 mm.

For bone volume fraction analysis, DICOM images were transferred
to Dragonfly (Québec, Canada). Employing a protocol similar to a pre-
vious rat study [24], a region of interest (ROI) measuring 0.5 mm
(width) x 0.1 mm (height) was drawn in the coronal plane, encom-
passing the midpalatal suture and bilateral bones at the level of the
maxillary first molars bilaterally. This ROI spanned from the mesial
margin of the palatal root to the distal margin of the distobuccal root,
with an average total volume of 0.05 mm®. Bone volume and bone
volume fraction were then quantified within this ROL

2.3. Histological analysis and TRAP stain

Specimens underwent decalcification in 14 % EDTA for 2.5 weeks,
followed by paraffin embedding and sectioning at a thickness of 5 pm.
TRAP staining, coupled with hematoxylin counterstaining, was per-
formed as per the manufacturer's instructions (Sigma-Aldrich, Saint
Louis, MO). Images of the TRAP-stained sections were captured using a
Nikon Eclipse 90i microscope (Nikon, Melville, NY) under 20x and 40x
objectives and analyzed using NIS Elements-AR software (Nikon). Os-
teoclasts, identified as TRAP-positive multinucleated cells, were quan-
tified along the midpalatal suture across bony surfaces, periosteal
membrane, and bone marrow area.

2.4. Immunofluorescence and immunohistochemistry

The sample sections underwent preparation for immunofluorescence
and immunohistochemistry analysis. Antigen retrieval was conducted in
10 mM citric acid (pH 6.0) at 120 °C. Subsequently, sections were
incubated overnight at 4 °C with primary antibodies targeting RUNX2
(Mouse, Santa Cruz, sc-390351) or Glil (Mouse, Santa Cruz, sc-515751)
along with the corresponding isotype-matched negative control IgG. To
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Fig. 2. MicroCT analysis. (A) Osirix analysis on a young D3 sample using a coronal slice at the palatal roots of the maxillary 1st molars. Top to bottom: a) intermolar
width (crown), b) intermolar width (furcation), suture width: c) oral third,d) middle third,e) nasal third, f) intermolar width (root apices). Bar, 1 mm. (B) Bone
volume fraction analysis. A region of interest (ROI) measuring 0.5 mm (width) x 0.1 mm (height) was drawn in the coronal plane, encompassing the midpalatal
suture and bilateral bones at the level of the maxillary first molars bilaterally. The purple area represents g) the suture gap, and the brown represents h) the bony
edges of the mid-palatal suture. Bar, 1 mm. (C) The ROI spanned from the mesial margin of the palatal root to the distal margin of the distobuccal root, with an
average total volume of 0.05 mm®. Bar, 1 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

visualize the staining, Alexa FluorTM 647-conjugated goat anti-mouse
IgG (Invitrogen, A-21235) and DAPI-containing mounting media
(Abcam, Cambridge, MA) were utilized. For the alkaline phosphatase
(ALP) immunohistochemistry stain, sections were blocked using 2.5 %
normal horse serum blocking solution for 20 min at room temperature,
followed by incubation with primary ALP antibody (Goat, RnD, AF2910)
overnight at 4 °C. Primary antibodies were detected using InmPRESS®
HRP-Anti-Goat IgG Polymer Detection Kit (Vector Laboratories, MP-
7405) according to the manufacturer's instructions.

In order to further assess how aging regulates bone remodeling
through its effects on MSC proliferation or apoptosis, we carried out a
double immunofluorescence stain using the antibodies against Glil and
Ki67 (Rabbit, Abcam, ab15580) or Glil antibody with TUNEL assay
(Promega DeadEnd™ Fluorometric TUNEL System, PR-G3250).
Apoptosis was quantified by TUNEL assay according to the manufac-
turer's recommendations.

Images were taken at 4x, 20x, and 40x magnifications using a
fluorescence microscope (ECLIPSE 90i; Nikon), ensuring consistent
exposure times for both experimental and negative control groups.
Capture settings were adjusted to prevent immunofluorescence detec-
tion with the control IgG in all experiments. Image analysis was per-
formed under a 40x objective using NIS Elements AR image analysis
software. The percentage of positive cells for each specific antibody was
calculated by dividing the number of immunopositive cells by the area
of the midpalatal suture. ALP expression was quantified by measuring
the pixel area and expressed as a percentage of the total midpalatal
suture area using NIS Elements AR image analysis software as previously
described [25].

2.5. Statistics

Statistical analysis was performed using ANOVA with Dunnett's post
hoc test or non-parametric Kruskal-Wallis tests with Dunn's post hoc test
to evaluate differences across multiple time points compared to the
control (DO) in the young and middle-aged mouse groups, respectively.
For comparisons between young and middle-aged groups at each time

point, a two-tailed Student's t-test or the non-parametric Wilcoxon
matched-pairs signed-rank test was employed. Results were presented as
mean + SEM, with statistical significance at P < 0.05.

3. Results
3.1. Suture gap, intermolar widths and bone volume fraction

In our study both young and middle-aged mice presented open,
straight midpalatal suture lines (Fig. 3A). In response to tensile force, the
width of the midpalatal suture notably expanded from day O to day 14 in
both young and middle-aged mice (P < 0.05) (Table 1 and Figs. 3A-3G).
Initially, in young mice, the suture width at the oral third level measured
0.09 + 0.01 mm, increasing to 0.19 + 0.04 mm by day 14 (P < 0.05).
Similarly, in middle-aged mice, the suture width was 0.06 + 0.01 mm on
day 0, reaching 0.25 + 0.03 mm by day 14 (P < 0.05). Notably, on day 7
(P < 0.05, oral third) and day 14 (P < 0.05, middle and nasal thirds), the
suture width in middle-aged mice significantly exceeded that in young
mice (Table 1). However, differences in suture widths between young
and middle-aged mice were statistically insignificant on days 0 and 3 (P
> 0.05). Intermolar widths at the crown level significantly increased
from day O to day 14 in both young and middle-aged mice (P < 0.05),
whereas insignificant changes were observed at the root level (P > 0.05).
Intermolar widths at the furcation, which is considered as the center of
resistance during tooth movement, significantly increased from day 0 to
day 14 in both young and middle-aged mice (P < 0.05). The intermolar
width at the furcation level was greater in young mice compared to
middle-aged mice (day 7, P < 0.05) (day 14, P > 0.05) (Figs. 3H-3I and
Table 2).

In addition, we examined the bone volume fraction (BV/TV) at the
level of the maxillary first molars bilaterally (Figs. 3J-3K). Middle-aged
mice exhibited significantly smaller bone marrow cavity spaces
compared to young mice, leading to a higher baseline bone volume
fraction (BV/TV) at both day 0 and day 3 (Figs. 3J-3K and Table 2) (P <
0.05). Both groups demonstrated a significant decrease in BV/TV over
the entire experimental period (P < 0.05 for young mice and P < 0.0001
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Table 1
Suture width (microCT).
Mice Suture width (mm)
Duration  Group Oral P Middle P Nasal P
third value third value third value
Day 0 Y 0.09 0.05 + 0.03 +
+ 0.01 0.01 0.01
A 0.06 0.04 + 0.05 £
+ 0.01 0.00 0.01
Day 3 Y 0.10 0.09 + 0.09 +
+ 0.01 0.01 0.01
A 0.10 0.10 + 0.10 +
+ 0.02 0.02 0.02
Day 7 Y 0.08 * 0.08 + 0.10 +
+ 0.01 0.01 0.01
A 0.14 0.14 + 0.14 +
+ 0.02 0.03 0.03
Day 14 Y 0.19 0.17 £ 0.19 £
+ 0.04 0.04 0.04
A 0.25 0.30 + 0.31 £
+ 0.03 0.03 0.04

Y: 6 week-old mice and A: 12 month-old mice.
For comparisons between young and middle-aged groups at each time point, a
two-tailed Student's t-test or the non-parametric Wilcoxon matched-pairs signed-
rank test was employed.

" P <0.05.

for middle-aged mice). The middle-aged mice presented a more dra-
matic decrease in BV/TV than the young mice from day O to 14.

3.2. Osteoclast formation

Osteoclast formation was examined along the bone surface in i) the
midpalatal suture, ii) periosteal membrane and iii) bone marrow cavity
in the TRAP-stained sections (Figs. 4A-4C and Table 3). Interestingly,
there was rare osteoclast formation along the bony surfaces in the
midpalatal suture. In young mice osteoclasts were predominantly
located in the bone marrow cavity and along the periosteum of the outer
bony margins, while osteoclasts in middle-aged mice were primarily
located along the periosteum of the outer bony margins. In the bone
marrow area, osteoclastogenesis peaked on day 3 in young mice
(Figs. 4B), while the osteoclast formation in the middle-aged group
reached a maximum on day 7 and decreased thereafter (Figs. 4C). Along
the periosteal membrane, osteoclast formation in young mice peaked on
day 3 and decreased thereafter while middle-aged mice showed a peak
on day 14. On day 3, young mice exhibited a significantly higher number
of osteoclasts in the bone marrow cavity and along the periosteal
membrane compared to middle-aged mice (P < 0.05) (Table 3).

Bone 197 (2025) 117512
3.3. Expression of RUNX2 and ALP

To investigate the osteogenesis process during maxillary expansion,
we assessed the expression of RUNX2, early osteoblast marker, in the
midpalatal suture area (Figs. 5A-5C). Young mice exhibited a significant
increase in the percentage of RUNX2-immunopositive cells in the mid-
palatal suture on day 14 compared to day 0 (P < 0.05, Fig. 5B). In
contrast, middle-aged mice showed a slight increase up to day 7, fol-
lowed by a decrease thereafter (Fig. 5C). On day 14, the percentage of
RUNX2-immunopositive cells in young mice was significantly higher
than that in middle-aged mice (P < 0.05, Table 4).

In addition, we assessed the expression of alkaline phosphatase,
which is highly expressed in the mineralized tissue matrix and positively
related to bone formation [25,26], in the midpalatal sutures (Figs. 5D-
5E). In young mice, ALP expression continuously increased in the mid-
palatal suture area through day 14, whereas middle-aged mice showed a
slight increase on day 3, followed by a decline up to day 14. On day 14
the ALP expression was significantly higher in the young mice compared
to the middle-aged mice (P < 0.05) (Table 4).

3.4. MSC proliferation and apoptosis

Cell proliferation, differentiation, and apoptosis are critical during
tissue remodeling [27]. The young mice demonstrated that the per-
centage of Glil-immunopositive cells significantly increased on day 3,
slightly decreased on day 7, and then increased until day 14 after
maxillary expansion (P < 0.05) (Figs. 6A-6B). In contrast, the middle-
aged mice demonstrated an initial increase of Glil-immunopositive
cells on day 3 and decreased thereafter (Fig. 6C and Table 5).

The young mice demonstrated that the percentage of Ki67-
immunopositive cells peaked on day 3 and gradually decreased,
whereas the middle-aged mice showed a slight increase in Ki67-
immunopositive cells on day 3 (Figs. 6D-6E). On day 3 the percentage
of Ki67-immunopositive cells in young mice is significantly higher
compared to middle-aged mice (P < 0.05) (Table 5).

The percentage of Glil+Ki67+ double immunopositive cells showed
a similar pattern with the expression of Ki67 (Figs. 6F-6G). The young
mice had a significant increase on day 3 and decreased thereafter.
Middle-aged mice showed a slight increase in the percentage of
Gli1+Ki67+ immunopositive cells on day 3, which remained at a similar
level through day 7 before declining thereafter. The percentage of
Gli1+Ki67+ immunopositive cells in young mice was significantly
higher than in middle-aged mice on day 3 (P < 0.05) (Table 5).

In contrast, the percentage of TUNEL-positive cells increased on day
3 and decreased thereafter in both young and middle-aged mice
(Figs. 7A-7C and Table 6). The middle-aged mice group showed much
higher TUNEL expression on day 0 (P = 0.08) and day 3 (P = 0.07),
compared to young mice. Similarly, the percentage of Glil+TUNEL+
immunopositive cells peaked on day 3 and decreased thereafter in young

Table 2
Intermolar width and bone volume fraction (microCT).
Mice Intermolar Width (mm) BV/TV
Duration Group Crown level P value Furcation level P value Root level P value P value
Day 0 Y 2.74 £ 0.02 il 4.32 £ 0.09 3.05 £+ 0.06 0.54 + 0.02 ek
A 3.01 +0.01 4.36 + 0.08 3.09 + 0.06 0.68 + 0.01
Day 3 Y 3.14 £ 0.10 4.57 + 0.08 3.18 £ 0.10 0.47 £ 0.01 i
A 3.17 £ 0.04 4.66 + 0.06 3.18 £ 0.06 0.64 + 0.02
Day 7 Y 3.04 + 0.07 4.44 + 0.07 2.99 +0.10 0.52 + 0.03
A 3.18 + 0.08 4.70 + 0.07 3.12 £0.12 0.57 +0.03
Day 14 Y 3.17 £ 0.06 o 4.69 £ 0.08 3.22 £0.07 0.43 £ 0.02
A 3.53 + 0.06 4.97 +0.10 3.37 £ 0.07 0.40 + 0.05

Y: 6 week-old mice and A: 12 month-old mice.

For comparisons between young and middle-aged groups at each time point, a two-tailed Student's t-test or the non-parametric Wilcoxon matched-pairs signed-rank

test was employed.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Fig. 4. Osteoclast formation. (A) TRAP-stained images (x20). Bar, 50 pm. (B—C) The number of osteoclasts in the bone marrow area. **P < 0.01. Y: young mice

and A: middle-aged mice.

Table 3
Osteoclast formation (TRAP stain).

Mice Osteoclast number / mm

Duration Group Midpalatal suture P value Periosteal membrane P value Bone marrow cavity P value
Day 0 Y 0.21 £0.21 1.98 +1.14 1.71 £ 0.70
A 0=+0 2.89 +£1.19 0.66 =+ 0.66
Day 3 Y 0.22 + 0.22 5.50 + 0.93 4.63 £ 0.40
A 0.20 + 0.20 2.84 +£0.71 1.71 4+ 1.02
Day 7 Y 1.09 + 1.09 4.51 + 0.85 1.75 4+ 0.59
A 0.30 + 0.30 4.72 £ 0.82 2.75 + 0.91
Day 14 Y 0+0 3.05+1.14 1.08 + 0.64
A 0+0 5.62 + 0.65 1.43 £+ 0.72

Y: 6 week-old mice and A: 12 month-old mice.

For comparisons between young and middle-aged groups at each time point, a two-tailed Student's t-test or the non-parametric Wilcoxon matched-pairs signed-rank

test was employed.
" P <0.05.

and middle-aged mice (Figs. 7D-7E). The middle-aged mice presented a
higher expression of Gli1+Ki67+ immunopositive cells than young mice
on day 0 and 3 (P < 0.05).

4. Discussion

The role of MSCs in the craniofacial suture is indispensable during
mechanical force-induced bone remodeling [28-30]. The number of
MSCs in our study significantly increased after maxillary expansion,
consistent with the previous studies. Tensile force stimulates the oste-
ogenic differentiation of suture MSCs. Increased MSC proliferation and
differentiation into osteoblasts significantly contribute to new bone

formation, commencing as early as day 1. Our study supports that aging
negatively impacts bone remodeling during maxillary expansion. This is
evidenced by reduced MSC proliferation and increased MSC apoptosis in
middle-aged mice. Our findings align with previous studies indicating
age-related impairment of MSC function across various tissues
[17,31-35]. Compared to younger cells, aged human adipose-derived
MSCs exhibit lower proliferation rates, reduced chondrogenic and
osteogenic potential, and increased senescent characteristics [17]. In the
human PDL, aging reduces the number of PDL stem cells, characterized
by expression of STRO-1 and CD146, and alters MSC proliferation and
differentiation, diminishing tissue homeostasis and the repair process
[33,36]. Age-related bone loss partly results from decreased MSC



H.H. Jeon et al. Bone 197 (2025) 117512

Control IgG YOUNG DO YOUNG D3 YOUNG D7 YOUNG D14

RUNX2/ DAPI RUNX2

e ———

RUNX2

e m———

’
1/
“

RUNX2/ DAPI

B RUNX2+/area (mm?) C RUNX2+/area (mm?)
5000 ok % 5000
N N
€ . £ 4
£ 4000 £ 4000
£ 30004 2 3000
8 8
§ 2000 (4\'1 2000
2 z
D 1000+ D 10004
= =10
0 T T 0- “ .
YDO YD3 YD7 YD14 ADO AD3 AD7 AD14
Time Points Time Points
matrix (% matrix (%
D ALP matrix (%) E ALP matrix (%)
5 * 5
4 4
o g
X X
© 2 ©
g2 £
o o
- 14 -
< <
0_
YDO YD3 YD7 YD14 ADO AD3 AD7 AD14
Time Points Time Points
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Table 4
Expression of Osteogenic Markers.
Mice Osteogenesis
Duration  Group RUNX2+/area P value ALP matrix P value
(mm?) (%)
Day 0 Y 731.3 + 326 0.54 +0.10
A 763.6 + 284.9 0.44 + 0.24
Day 3 Y 409.5 +113.2 2.02 +£0.75
A 1573 + 634.2 2.74 £0.71
Day 7 Y 2028 + 337.1 2.00 £+ 0.69
A 2135+ 745.1 2.25 + 0.94
Day 14 Y 3301 + 586.3 3.55 +0.84
A 1006 + 511.3 1.12 £ 0.57

Y: 6 week-old mice and A: 12 month-old mice.
For comparisons between young and middle-aged groups at each time point, a
two-tailed Student's t-test or the non-parametric Wilcoxon matched-pairs
signed-rank test was employed.

" P <0.05.

proliferation and function, alongside an increased commitment of MSCs
to adipogenic lineages using mouse bone marrow-derived MSCs [18,37].
This shift in lineage commitment, coupled with decreased self-renewal
capacity, contributes to bone loss during aging. Moreover, transcrip-
tional analysis at the single-cell level confirms that MSCs from aged
donors reduce wound healing capacities compared to MSCs from young
donors [22]. Interestingly, the functions of aged PDL stem cells are
reversible and influenced by the extrinsic microenvironment [32,33].
Young PDL cell-conditioned medium improves the proliferation and
differentiation of PDL stem cells from aged donors and enhances their
regenerative capabilities. Conversely, young PDL stem cells induced by
aged PDL cell-conditioned medium lead to connective tissue formation,
demonstrating the potential reversal of aging on stem cells [22,33]. On
the contrary, some studies on the effects of aging on MSCs have yielded
contradictory results. A study on human bone marrow-derived MSCs
reveals no age-related differences in the gene expression associated with
adipogenesis, osteogenesis, and bone remodeling, suggesting that MSCs
from older donors may retain functional parity with those from younger
donors [21]. Additionally, no age-related changes in MSC numbers are
reported based on in vitro assays [19,38,39].

The murine model is widely used to study human craniofacial suture
biology. In our study both young and middle-aged mice presented open,
straight midpalatal suture lines, allowing for successful expansion of the
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Ki67 Gli1

Gli1/Ki67

Merged

Ki67 Gli1

Gli1/Ki67

Bone 197 (2025) 117512

midpalatal sutures even in 12-month-old mice. Interestingly, young and
middle-aged mice exhibit similar suture widths prior to maxillary
expansion. However, significant differences emerge with middle-aged
mice displaying larger suture widths, particularly noticeable at the
oral third on day 7 and at the middle and nasal third on day 14. To
investigate the underlying mechanisms, we evaluated i) intermolar
distance at the root furcation, which serves as a fulcrum for assessing
bone separation by mechanical force, ii) osteoclast formation in the
midpalatal suture, a key component of bone remodeling and iii) new
bone formation in the midpalatal suture, another essential aspect of
bone remodeling. First, an insignificant difference in bone separation at
the intermolar distance at the root furcation was observed between
young and middle-aged mice on day 14 (young: 4.69 + 0.08 mm vs.
middle-aged: 4.97 + 0.10 mm). Second, osteoclast formation in the
midpalatal suture was rare, with no significant difference between
young and middle-aged mice. After maxillary expansion, osteoclasts
emerge on day 3, peak on day 5, and decrease by day 7, primarily at the
outer bony margins and within the bone marrow cavity, not in the
midpalatal suture [10,23,40]. Third, after maxillary expansion, younger
mice exhibited more robust new bone formation in the midpalatal su-
ture, which leads to the smaller suture gap caused by expansion, as
evidenced by significantly increased expression of RUNX2 and alkaline
phosphatase.

In addition, the middle-aged mice had significantly smaller bone
marrow cavities compared to young mice, resulting in a higher baseline
bone volume fraction (BV/TV) at day 0 and day 3. From day O to day 14,
BV/TV significantly decreased in young and middle-aged mice. Bone
marrow cavity size is closely linked to bone remodeling activity, func-
tioning as the primary source of osteoblasts and osteoclasts [41].
Consequently, a larger bone marrow cavity size in young mice generally
indicates a greater capacity for bone remodeling. Moreover, the cellular
activity within the bone marrow changes with age as senescence reduces
its ability to produce osteoblast precursors [41]. Expectedly, after
maxillary expansion, younger mice demonstrated more robust osteoclast
formation in the bone marrow and along the periosteal membrane and
new bone formation in the midpalatal suture. Therefore, these responses
led to a narrower suture width and a smaller reduction in BV/TV in
young mice compared to the middle-aged mice.

Cell proliferation, differentiation and apoptosis are the key events
during tissue remodeling. MSCs respond to mechanical loading through
mechanosensing and  mechanotransduction, affecting  their

Control IgG

Aged DO

Aged D3 Aged D14

Fig. 6. Gli1/Ki67 Inmunofluorescence stain. (A) Representative images in the midpalatal suture. 40x. Bar, 25 pm. (B—C) The percentage of Glil-immunopositive
cells. (D-E) The percentage of Ki67-immunopositive cells. (F-G) The percentage of Glil/Ki67-immunopositive cells. *P < 0.05, **P < 0.01. Y: young mice and A:

middle-aged mice.
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Fig. 6. (continued).

proliferation, differentiation and self-renewal [42]. The proliferation of
Glil+ stem cells in response to mechanical loading involves several key
signaling pathways and molecules, including Hedgehog, Wnt/f-catenin,
TGF-f and Yes-associated protein (YAP)/Transcriptional co-activator
with PDZ-binding motif (TAZ). The activation of Glil+ stem cells is
primarily regulated by the Hedgehog signaling pathway [30]. Genetic
disruption of Hedgehog signaling impairs proliferation and osteoblast
differentiation of mesenchymal progenitors [43]. Conversely, activation

10

of Hedgehog signaling significantly improved bone formation in post-
natal mice [44,45]. Uniaxial mechanical stretch stimulates proliferation
and osteogenic differentiation of bone marrow MSCs by activating the
Wnt/b-catenin signaling [46]. Wnt ligands facilitate the nuclear trans-
location of p-catenin, which drives the proliferation and differentiation
of Glil+ stem cells. Upon suture expansion, the co-localization of Glil
and p-catenin genes is observed using RNAscope [28]. Disrupting Wnt
signaling impairs the differentiation potential of Glil-lineage cells and
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Table 5
Gli1/Ki67 Immunofluorescence stain.
Duration Group Glil+/area (mm?) P value Ki67+/area (mm?) P value Gli1+Ki67+/area (mm?) P value
Day 0 Y 1192 + 527.8 675.5 + 377.7 385.3 +£ 211.0
A 3556 + 1003 26.06 + 26.06 0.00 £ 0.00
Day 3 Y 6134 + 1027 3974 + 550.1 ok 3210 + 7139 *
A 6196 + 1433 1040 + 373.4 992.5 + 367.1
Day 7 Y 3000 + 453.7 2573 + 594.9 1766 + 425.8
A 3010 + 954.1 1073 + 392.5 1018 + 268.6
Day 14 Y 6396 + 1202 2040 + 943.4 1247 + 775.6
A 4051 + 469.7 559.7 + 437.0 503.4 + 393.6

Y: 6 week-old mice and A: 12 month-old mice.
For comparisons between young and middle-aged groups at each time point, a two-tailed Student's t-test or the non-parametric Wilcoxon matched-pairs signed-rank
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Fig. 7. Glil/TUNEL Immunofluorescence stain. (A) Representative images in the midpalatal suture. 40x. Bar, 25 pm. (B—C) The percentage of TUNEL-positive
cells. (D-E) The percentage of Glil/TUNEL-immunopositive cells. *P < 0.05, **P < 0.01. Y: young mice and A: middle-aged mice.
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Table 6
Glil/TUNEL Immunofluorescence stain.
Duration Group TUNEL+/area P Glil+TUNEL+/area P
(mm?) value (mm?) value
Day 0 Y 57.85 £ 40.71 0.00 + 0.00
A 1343 + 611.7 815.7 + 287.0
Day 3 Y 3698 + 1421 1395 + 631.5
A 9087 + 2416 4853 + 1229
Day 7 Y 2401 + 708.2 577.5 + 166.3
A 1582 + 819.3 472.0 + 267.6
Day 14 Y 1276 + 542.6 686.9 + 415.7
A 226.0 + 196.6 226.0 + 196.6

Y: 6 week-old mice and A: 12 month-old mice.
For comparisons between young and middle-aged groups at each time point, a
two-tailed Student's t-test or the non-parametric Wilcoxon matched-pairs
signed-rank test was employed.

" P < 0.05.

inhibits bone formation following expansion. Moreover, the deletion of
B-catenin shifts the fate of mesenchymal progenitors toward adipo-
genesis at the expense of bone formation [43]. Inhibition of Wnt/
fB-catenin signaling reduces the proliferation and differentiation of the
Gli1+MSCs in vitro [47] and B-catenin knockout in Gli1+MSCs signifi-
cantly impairs their osteogenic differentiation in vivo, suppressing bone
remodeling after expansion [28]. TGF-f enhances the activation and
proliferation of Glil+ stem cells, often in coordination with Hedgehog
and Wnt signaling. Immunohistochemical analysis of Glil+ cells
revealed that disrupting TGF-f signaling led to reduced proliferation and
increased apoptosis [48]. Moreover, mechanical loading can activate
YAP and TAZ, which interact with Hedgehog signaling to regulate Glil+
stem cell activity including proliferation, cell plasticity and stemness
[49-52]. These pathways collectively mediate the adaptive response of
Glil+ stem cells to mechanical loading, contributing to tissue repair and
regeneration.

Excessive or abnormal mechanical loading can induce MSCs
apoptosis through several pathways and molecules, including the reac-
tive oxygen species, integrin, TNF-o/NF-kB, p53 and MAPK (c-Jun N-
terminal kinase and p38). Excessive mechanical stress can increase the
production of reactive oxygen species, leading to oxidative stress and
apoptosis in MSCs [53]. Pro-apoptotic molecules such as Bax and Bak
are upregulated under high mechanical strain, leading to mitochondrial
outer membrane permeabilization and apoptosis whereas anti-apoptotic
molecules like Bcl-2 are downregulated in response to excessive loading
[54]. Additionally, integrins, which mediate cell-matrix interactions,
can transmit mechanical signals to MSCs [55]. Excessive mechanical
stress disrupts integrin-mediated signaling, leading to MSC apoptosis
[56]. Excessive mechanical loading also increases TNF-a levels and ac-
tivates the NF-kB pathway [57]. Chronic NF-xB activation promotes pro-
apoptotic signaling in MSCs. Moreover, mechanical overloading can
activate p53, c-Jun N-terminal kinase and p38 MAPK, leading to cell
cycle arrest and apoptosis.

Aging is closely related to MSC senescence and inflammation [58].
Aging reduces proliferation of pre-osteoblasts, inhibit differentiation to
osteoblasts and diminish expression of matrix proteins. Several factors
regulate the mechanisms underlying MSC senescence. For example,
Insulin-like growth factor 1 (IGF-1)-binding protein 4 promotes MSC
senescence and inhibits proliferation, which is reversed by an IGF1 re-
ceptor antagonist [59]. Senescent cells also exhibit elevated expression
of p16 and p21, key regulators of cell cycle arrest. Local inhibition of the
p21 expression using p21 siRNA accelerates wound healing in aged mice
by enhancing the proliferation of wound fibroblasts [60,61]. Addition-
ally, NF-kB plays a pivotal role in inflammation and the aging process. In
MSCs from aged mice, increased NF-kB activity is linked to reduced
osteogenesis with reduced osteoblast numbers and activity [9,14,62].
Modulating NF-«B activity in aged MSCs offers a potential approach to
mitigating age-related bone loss in elderly populations. Furthermore,
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the literature indicates that cells in aged bones show reduced sensitivity
to mechanical stimuli and a diminished ability to respond to strain
signals during loading, primarily due to increased tissue stiffness [63].
Moreover, the reduced anabolic responses to mechanical loading in aged
mice are due to an inability to sustain Wnt activity [64]. This could
partly account for the lower osteoclast and less osteoblast activities
observed in middle-aged mice.

There are several limitations in this study. Firstly, it entails a short-
term evaluation until day 14 after maxillary expansion. While we
examined the short-term effects of aging on suture width, bone volume
fraction, osteoclastogenesis, and osteogenesis as well as MSC prolifera-
tion and apoptosis within this timeframe, a longer-term evaluation using
the retention models could provide a more thorough understanding of
mechanically induced bone remodeling. Such insights could facilitate
the development of more targeted treatments tailored to age-related
patient needs. Secondly, our comparison was limited to young and
middle-aged groups, which correspond roughly to individuals in their
40s. Middle-aged groups may not entirely represent the effects of aging.
Conducting further studies encompassing young adults and older age
groups could provide valuable insights into age-related changes in bone
remodeling processes under mechanical loading.

5. Conclusion

We demonstrate that aging negatively affects mechanical force-
induced bone remodeling by reducing MSC proliferation and
increasing MSC apoptosis in middle-aged mice compared to young mice.
In addition, in response to the mechanical force, young mice exhibited
earlier and more intense osteoclast formation in the bone marrow cav-
ities and along the periosteal membrane, as well as elevated expression
of osteogenic markers in midpalatal sutures compared to middle-aged
mice.
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