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Background: The remodeling of alveolar bone is governed by the Receptor Activator of Nuclear Factor Kappa-B Ligand
(RANKL)/RANK/Osteoprotegerin (OPG) signaling axis, which is tightly regulated by the local immune microenvironment. How-
ever, previous studies utilizing whole-tissue homogenates have been unable to determine whether these molecular changes are
spatially restricted to specific remodeling niches. This study aimed to characterize the site-specific molecular signature of the
RANKL pathway and its association with inflammatory cytokines in periodontal tissues.

Methods: A rat model of orthodontic tooth movement (OTM) was established. Laser Capture Microdissection (LCM) was
employed to precisely isolate remodeling-associated periodontal tissues and physiological baseline tissues. mRNA expression of
RANKL, RANK, OPG, and Nuclear Factor of Activated T-cells, cytoplasmic 1 (NFATcl) in these micro-dissected regions was
quantified using qPCR. Whole-tissue lysates were analyzed by Western blotting for inflammatory cytokines (Tumor Necrosis
Factor-alpha (TNF-a), interleukin (IL)-1p, IL-6). In vitro, human periodontal ligament cells (hWPDLCs) were stimulated with
TNF-a to investigate whether inflammatory stimulation is accompanied by changes in osteoclast-related molecular markers.
Results: Histological and tartrate-resistant acid phosphatase (TRAP) staining indicated increased osteoclast-rich remodeling
activity in selected regions. LCM-based analysis revealed spatially restricted upregulation of RANKL, RANK, and NFATcl, cou-
pled with a disrupted RANKL/OPG ratio specifically within remodeling microenvironments, distinct from the surrounding tissue.
Whole-tissue Western blotting showed concomitant increases in inflammatory cytokines and osteoclast-related proteins at the tis-
sue level. TNF-a stimulation of hPDLCs increased the RANKL/OPG ratio and Macrophage Colony-Stimulating Factor (M-CSF)
expression, suggesting that inflammatory stimulation may promote a molecular state permissive for osteoclast-related signaling.
Conclusion: LCM-based analysis revealed that disruption of the local RANKL/OPG balance and upregulation of osteoclast-
related molecules are spatially restricted to remodeling microenvironments rather than uniformly distributed across periodontal
tissues. In vitro, TNF-a stimulation of hPDLCs dose-dependently shifted the molecular profile toward a state permissive for
osteoclast-related signaling. These findings underscore the importance of spatial resolution in periodontal remodeling research
and support a potential link between local inflammatory cues and altered osteoclast-related molecular signaling.
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spatial heterogeneity

Introduction rived from the monocyte-macrophage lineage [5]. While
the cellular machinery of resorption is well-characterized,

the precise molecular interplay within the periodontal mi-

The structural integrity of the periodontium is main-
tained through a dynamic equilibrium of alveolar bone re-
modeling, a process that requires the stringent coordination
of bone formation by osteoblasts and resorption by osteo-
clasts [1,2]. Under physiological conditions, this metabolic
turnover is homeostatically regulated; however, patholog-
ical stimuli, such as chronic inflammation in periodontitis
or mechanical stress during orthodontic tooth movement,
often disrupt this balance, precipitating net bone loss [3,4].
Central to this pathological shift is the aberrant recruitment
and activation of osteoclasts, multinucleated giant cells de-

croenvironment that initiates this cascade remains a critical
area of inquiry.

The molecular regulation of osteoclastogenesis is pri-
marily governed by the Receptor Activator of Nuclear Fac-
tor Kappa-B Ligand (RANKL) signaling axis [6]. RANKL,
expressed by osteoblasts and periodontal ligament (PDL) fi-
broblasts, binds to its receptor RANK on osteoclast precur-
sors, triggering a signaling trajectory that culminates in the
induction of Nuclear Factor of Activated T-cells, cytoplas-
mic 1 (NFATcl) [7,8]. NFATcl serves as the master tran-
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scriptional switch, integrating upstream signals to drive the
expression of osteoclast-specific genes essential for fusion
and function [9,10]. Critically, this process is restrained by
Osteoprotegerin (OPG), a soluble decoy receptor that se-
questers RANKL, preventing receptor engagement [11,12].
Thus, the local RANKL/OPG ratio, rather than the absolute
level of either molecule, acts as the definitive determinant
of bone fate [13,14]. Additionally, Macrophage Colony-
Stimulating Factor (M-CSF) plays an indispensable role by
promoting the survival and proliferation of osteoclast pre-
cursors, thereby priming them for RANKL-induced differ-
entiation [15,16].

This regulatory network does not operate in isolation
but is intimately entwined with the immune system, a cross-
disciplinary field termed “osteoimmunology” [17]. In-
flammatory cytokines, particularly Tumor Necrosis Factor-
alpha (TNF-a), Interleukin-1 beta (IL-1p), and IL-6, func-
tion as potent modulators of this system [18,19]. These cy-
tokines can directly enhance RANKL expression in stromal
cells or synergize with RANK signaling to amplify down-
stream effector pathways [20]. In the context of the peri-
odontium, PDL cells are uniquely positioned to sense these
inflammatory cues and translate them into osteoclastogenic
signals [21,22]. However, the heterogeneity of the peri-
odontal landscape means that inflammation and remodeling
are often spatially restricted phenomena.

Precisely how these inflammatory signals converge
with the RANKL/RANK axis within defined remodeling
microenvironments, rather than across the tissue as a whole,
therefore remains a key unresolved question.

Despite  extensive evidence implicating the
RANKL/RANK axis and inflammatory cytokines in
periodontal remodeling, the spatial resolution of existing
studies is significantly limited. The majority of previous
investigations have relied on whole-tissue homogenates,
which inherently obscure the molecular heterogeneity
across distinct microenvironments within the periodon-
tium. Although laser capture microdissection (LCM) has
previously been applied to periodontal and orthodontic
tissues, including studies examining heat shock protein
gene expression in the pressure zone of the PDL during
early tooth movement [23] and proteomic profiling of the
PDL under orthodontic force [24], these investigations
were not designed to address the spatial heterogeneity of
the RANKL/OPG axis between morphologically distinct
remodeling and quiescent regions. Critically, whether the
RANKL/OPG imbalance and osteoclast-related molecular
activation are spatially restricted phenomena confined to
active remodeling microenvironments, or represent diffuse
changes uniformly distributed across the periodontal tissue,
has not been directly addressed. To address this gap, we
used laser capture microdissection to directly compare
morphologically defined remodeling-associated and qui-
escent periodontal regions within the same orthodontic
tooth movement (OTM) specimens, thereby determining
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whether osteoclast-related molecular alterations are spa-
tially restricted rather than diffusely distributed throughout
periodontal tissues.

Materials and Methods

Experimental Model and Tissue Collection

Periodontal tissues were obtained from a rat model
of (OTM, n = 6 rats). 12 male Sprague-Dawley rats (8
weeks old, 200-250 g; Vital River, Beijing, China) were
used. Under general anesthesia with pentobarbital sodium
(50 mg/kg, i.p.; P1081, Beyotime, Shanghai, China), a
nickel-titanium closed-coil spring was ligated between the
maxillary first molar and the ipsilateral incisors to de-
liver a continuous mesial force of 50 g, calibrated with a
tension gauge, for 7 days. The appliance was inspected
every other day and reactivated if loosened. Rats were
housed under standard conditions (12-h light/dark cycle, 22
+ 2 °C) with soft chow and water ad libitum. For LCM-
based analyses, tartrate-resistant acid phosphatase (TRAP)
staining, and immunohistochemistry, the periodontal tis-
sues of the OTM-loaded maxillary first molar were used,
with Remodeling-associated and Reference regions sam-
pled from the same tissue section of the same tooth (see
ROI definition below). For whole-tissue Western blot anal-
ysis, in which the protein yield obtainable by LCM is insuf-
ficient, the contralateral unloaded maxillary first molar of
the same animal was used as the internal control. After be-
ing anesthetized with pentobarbital sodium (50 mg/kg, i.p.;
P1081, Beyotime, Shanghai, China) and sacrificed by de-
capitation, maxillary specimens were harvested and imme-
diately fixed in 4% paraformaldehyde (Sigma-Aldrich, St.
Louis, MO, USA). Samples were decalcified in ethylene-
diaminetetraacetic acid (EDTA; E9884, Sigma-Aldrich, St.
Louis, MO, USA), processed, and embedded in paraffin for
subsequent histological and molecular analyses. All ani-
mal experiments were approved by the Institutional Animal
Care and Use Committee of Hebei North University, under
protocol number HBNU20251112169, and were conducted
in accordance with the ARRIVE Guidelines 2.0.

To precisely investigate the molecular signature of lo-
cal microenvironments, LCM was employed. Maxillary
specimens were fixed, decalcified, and embedded in paraf-
fin. Serial sections (thickness 4 pm) were mounted on PEN
(polyethylene naphthalate) membrane slides (11505158,
Leica Microsystems, Wetzlar, Germany).

Sections were stained with Hematoxylin/Eosin for
morphological identification. Two distinct Regions of In-
terest (ROIs) were defined and dissected using an LCM
system (Leica LMD?7, Leica Microsystems, Wetzlar, Ger-
many), and ROI selection was performed according to pre-
defined histomorphologic criteria to minimize subjective
bias:

1. Remodeling-associated ROIs: Areas adjacent to re-
sorption lacunae with high cellularity and multinucleated
cells.
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Fig. 1. Histological features of periodontal tissues. Representative hematoxylin and eosin (HE) stained sections of periodontal tissues at

40x and 200x magnification. Green dashed outlines indicate representative Reference ROIs, defined as areas adjacent to smooth alveolar

bone surfaces with uniform periodontal ligament (PDL) width. Blue dashed outlines indicate representative Remodeling-associated ROIs,

defined as areas adjacent to irregular bone surfaces with increased cellularity, indicative of active bone remodeling. The solid red line in

each 40x% panel demarcates the boundary between the Remodeling-associated area and the adjacent Reference region, as defined by the

morphologic criteria. Scale bars are shown in each panel. ROIs, Regions of Interest.

2. Physiological Baseline ROIs: Areas adjacent to
smooth bone surfaces with uniform PDL width.

Representative examples of these two ROI categories
are demarcated in Fig. | (green dashed outlines, Reference
ROIs; blue dashed outlines, Remodeling-associated ROIs).

Histological Analysis

Paraffin-embedded periodontal tissue samples were
sectioned at a thickness of 4-5 um. Sections were deparaf-
finized, rehydrated, and stained with hematoxylin and eosin
(HE) following standard protocols. Histological evalua-
tion was performed under light microscopy (Nikon Eclipse
E100, Nikon Corporation, Tokyo, Japan) to assess peri-
odontal ligament architecture and alveolar bone morphol-
ogy. For ROI identification and morphological reference,
representative HE-stained sections were selected indepen-
dently and were not intended as serially matched sections
for comparison with TRAP or immunohistochemical stain-
ing.

Identification and Quantification of Osteoclasts
(TRAP Staining)

TRAP staining was performed on paraffin sections to
identify osteoclasts using the TRAP Staining Kit (G1050-
50T, Servicebio, Wuhan, China). TRAP-positive multinu-
cleated cells located along alveolar bone surfaces were con-
sidered osteoclasts.

Quantitative analysis was conducted by counting the
number of TRAP-positive cells per microscopic field in
reference tissues and remodeling-associated tissues. For
each sample, multiple non-overlapping fields were ana-
lyzed, and the average value was used for statistical anal-
ysis. Cell counting was performed in a blinded manner.
For quantification, the number of TRAP-positive multinu-
cleated cells (=3 nuclei) was counted in 3 non-overlapping
high-magnification fields per section per animal, and the
mean count per animal was used as a single biological repli-
cate. Statistical analysis was performed on per-animal val-
ues (n = 6 animals per group).
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RNA Extraction and Quantitative Real-Time PCR
Analysis

Total RNA was extracted from the micro-dissected tis-
sue fragments using the Arcturus PicoPure RNA Isolation
Kit (KIT0204, Applied Biosystems, Thermo Fisher Scien-
tific, Waltham, MA, USA), optimized for FFPE (Formalin-
Fixed Paraffin-Embedded) samples. Briefly, the captured
tissues were incubated in extraction buffer at 42 °C for 30
minutes and then centrifuged. Total RNA was reverse-
transcribed into cDNA using a First Strand cDNA Synthesis
Kit (D7180M, Beyotime, Shanghai, China) according to the
manufacturer’s instructions. Quantitative real-time PCR
was performed with a SYBR Green master mix (D7601S,
Beyotime, Shanghai, China) on the LightCycler 96 PCR
system (Roche, Mannheim, Germany). Each 20-uL reac-
tion contained cDNA template, gene-specific primers, and
SYBR Green master mix. Cycling conditions were 95 °C
for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for
30 s, with a final melt-curve analysis to confirm amplifica-
tion specificity. All samples were run in triplicate, and gene
expression was normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Gene expression in Remodeling
ROIs was normalized to GAPDH and expressed relative to
Baseline ROIs.

Quantitative real-time PCR was performed to evalu-
ate the mRNA expression levels of RANKL (TNFSF11),
RANK (TNFRSF11A), OPG (TNFRSF11B), NFATc1, and
acid phosphatase 5 (ACP5). Gene expression levels were
normalized to an internal control gene and expressed rela-
tive to the reference tissues using the 2724t method. The
RANKL/OPG mRNA ratio was calculated by dividing the
relative expression level (2724t) of RANKL by that of OPG
for each sample, with the control group set to 1. Primer se-
quences are shown in Table 1.

Protein Extraction and Western Blot Analysis

Because the protein yield obtainable by LCM is in-
sufficient for Western blot analysis, whole periodontal tis-
sues were harvested separately for protein analysis. Specif-
ically, the OTM-loaded maxillary first molar served as
the remodeling-associated tissue, and the contralateral un-
loaded first molar of the same animal served as the refer-
ence tissue. Freshly dissected, non-fixed periodontal tis-
sues were used, separate from the formalin-fixed, decal-
cified, paraffin-embedded specimens. Immediately after
sacrifice, periodontal tissues surrounding the OTM-loaded
maxillary first molar and its contralateral unloaded coun-
terpart were rapidly dissected from the alveolar bone under
a stereomicroscope on ice, snap-frozen in liquid nitrogen,
and stored at —80 °C until further analysis. For each sam-
ple, frozen tissues were pulverized in liquid nitrogen using
a pre-chilled mortar and pestle, and the resulting powder
was homogenized in ice-cold RIPA lysis buffer (P0013, Be-
yotime, Shanghai, China) supplemented with 1 mM PMSF
and a phosphatase inhibitor cocktail at a ratio of approx-
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Table 1. Primer sequences used in in vivo experiments.

Primer name Primer Sequences (5'-3")

F: CCGAGACTACGGCAAGTACC

RANKL
R: ATCCATGCTAAGGCTCCACA
RANK F: CTCCTCCCATTGCAGGTGAC
R: AGGAGCAGGACGATGAGACT
opG F: CTGGAACCCCAGAGCGAAAT
R: GCGTTTACTTTGGTGCCAGG
NFATe] F: TCAGAGTGAGACCGAGAGGC
¢ R: AAGGAACAGCTGAGATGCCC
P F: TCTCTTCTACTGAGAGGTGCGA
R: GAGTGGGAGCAGCAGGATTT
F: GTGGATATTGTTGCCATCAATGACC
GAPDH

R: GCCCCAGCCTTCTTCATGGTGGT
RANKL, Receptor Activator of Nuclear Factor Kappa-B
Ligand; OPG, Osteoprotegerin; NFATc1, Nuclear Factor
of Activated T-cells, cytoplasmic 1; ACPS, acid phos-
phatase 5; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; R, reverse; F, forward.

imately 1:10 (w/v). Homogenates were incubated on ice
for 30 min with intermittent vortexing, then centrifuged
at 12,000 xg for 15 min at 4 °C. Supernatants were col-
lected, and total protein concentration was determined us-
ing a bicinchoninic acid (BCA) Protein Assay Kit (23225,
Thermo Scientific, Shanghai, China).

Equal amounts of protein (~30 pg per lane) were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on 10% or 12% gels and
transferred to polyvinylidene fluoride (PVDF) membranes
(IPVH00010, Bedford, MA, USA). Membranes were
blocked with 5% non-fat milk in Tris-buffered saline with
Tween-20 (TBST) for 1 h at room temperature and then
incubated (1:1000) overnight at 4 °C with primary anti-
bodies against RANKL (HAS500369, HUABIO, Hangzhou,
China), RANK (ER1915-70, HUABIO, Hangzhou, China),
NFATcl (66963-1-1g, Proteintech, Wuhan, China), IL-
1B (HA723965, HUABIO), TNF-a (60291-1-Ig, Protein-
tech), and IL-6 (EM1701-45, HUABIO), and GAPDH
(TA-08, ZSGB, Beijing, China). After three washes with
TBST, membranes were incubated (1:5000) with HRP-
conjugated secondary antibodies (SA00001-2/SA00001-1,
Proteintech) for 1 h at room temperature. Protein bands
were visualized using enhanced chemiluminescence (Mil-
lipore, Billerica, MA, USA) and quantified by densitomet-
ric analysis using ImageJ (version 1.54b, National Institutes
of Health, Bethesda, MD, USA). Protein expression levels
were normalized to GAPDH and expressed relative to ref-
erence tissues.

Immunohistochemical Analysis

Immunohistochemical staining was performed on
paraffin-embedded sections using antibodies against
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RANKL (bs-0747R, Bioss) and RANK (bsm-63879R,
Bioss, Beijing, China). Paraffin-embedded sections (4
um) were deparaffinized and rehydrated. Heat-induced
antigen retrieval was performed in EDTA buffer (pH 9.0).
Endogenous peroxidase activity was quenched with 3%
hydrogen peroxide for 10 min, and nonspecific binding
was blocked with 5% BSA for 30 min at room temperature.
Sections were then incubated overnight at 4 °C with pri-
mary antibodies. After washing, sections were incubated
with an HRP-conjugated antibody (AF5006, Beyotime,
Shanghai, China) and visualized with diaminobenzidine
(DAB) substrate (ZLI-9017, ZSGB-BIO, Beijing, China),
followed by hematoxylin counterstaining, dehydration, and
mounting. Negative controls were prepared by omitting
the primary antibody.

Immunoreactivity was evaluated in reference tissues
and remodeling-associated tissues. Semi-quantitative anal-
ysis was performed by measuring integrated optical density
(IOD) per unit area using image analysis software. Mean
values from multiple fields were used for statistical analy-
sis.

For histological comparison across staining modali-
ties, adjacent serial paraffin sections from the same speci-
men and comparable anatomical level were used for TRAP
and immunohistochemical staining. This allowed regional
comparison of TRAP-positive osteoclast distribution and
RANKL/RANK immunoreactivity in anatomically cor-
responding periodontal regions. Representative images
shown in Figs. 2,5 were selected from adjacent serial sec-
tions of the same periodontal region whenever regional
comparisons were performed.

Cell Culture and Inflammatory Stimulation

To explore whether these in vivo inflammatory sig-
nals could directly modulate osteoclast-related molecular
markers in periodontal stromal cells, we performed in vitro
experiments. Human periodontal ligament cells (hPDLCs;
also designated human periodontal ligament fibroblasts,
HPLF) were obtained from ScienCell Research Laborato-
ries (2630; Carlsbad, CA, USA) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Thermo Fisher Scien-
tific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin at 37
°C in a humidified atmosphere containing 5% CO,. The
cells were authenticated using Short Tandem Repeat (STR)
analysis and confirmed to be free of mycoplasma. Cells
from passages 3—5 were used for experiments.

To mimic the inflammatory microenvironment in
vitro, APDLCs were seeded in 6-well plates at a density of 1
x 10° cells/well. Upon reaching 80% confluence, cells were
serum-starved for 12 hours and then stimulated with recom-
binant human tumor necrosis factor-alpha (thTNF-a; 300-
01A, PeproTech, Cranbury, NJ, USA) at graded concentra-
tions (0, 10, and 50 ng/mL) for 24 hours [25,26,27]. Cells
cultured in medium without thTNF-a served as the control

group. TNF-a was selected as a representative inflamma-
tory stimulus to provide a proof-of-principle test of whether
inflammatory cues can shift hPDLCs toward an osteoclast-
supportive molecular profile.

Gene Expression Analysis (In Vitro)

Total RNA was extracted from the cultured cells us-
ing the TRIzol reagent (15596026, Thermo Fisher Scien-
tific, Carlsbad, CA, USA). Quantitative real-time PCR was
performed as described in the previous section. The primer
sequences used in the in vitro experiment are shown in Ta-
ble 2. Relative mRNA expression levels were calculated
using the 2724¢t method. The RANKL/OPG ratio was de-
termined to evaluate the osteoclastogenic potential of the
hPDLCs and calculated by dividing the relative expression
level (2724Ct) of RANKL by that of OPG for each sample,
with the control group set to 1.

Statistical Analysis

Data are presented as mean + standard deviation (SD).
Normality of data distribution was confirmed using the
Shapiro-Wilk test, and homogeneity of variance was con-
firmed using Levene’s test. Statistical comparisons be-
tween two groups were performed using paired Student’s ¢-
tests. For experiments involving multiple groups, data were
analyzed using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc test for multiple comparisons.
A value of p < 0.05 was considered statistically signifi-
cant. All statistical analyses were performed using Graph-
Pad Prism (version 8.0.2, GraphPad Software, Boston, MA,
USA). Throughout this study, “n” denotes the number of
biological replicates, independent animals for the in vivo
experiments and independent experiments for the in vitro
experiments. For cell-counting analyses, multiple non-
overlapping fields per section were averaged to yield a sin-
gle value per animal.

Results

Histological Features of Periodontal Tissues
Revealed Regions Enriched With Bone Remodeling
Activity

Histological examination of periodontal tissue sec-
tions revealed well-organized periodontal ligament archi-
tecture and adjacent alveolar bone surfaces (Fig. 1). In se-
lected areas, morphological features suggestive of active re-
modeling were observed, including irregular bone surfaces
and increased cellularity along the alveolar bone interface.
These features were used as morphologic criteria for identi-
fying remodeling-associated regions and defining ROIs for
LCM analysis.
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Table 2. Primer sequences used in the in vitro experiment.

Primer name

Primer sequences (5'-3")

F: TGATTCATGTAGGAGAATTAAACAGG

Human RANKL (TNFSF11)
R: GATGTGCTGTGATCCAACGA
F: GAA AGAGTGAAATACA
Human OPG (TNFRSF11B) GAACCCCAGAGTG CAG
R: CCTGAAGAATGCCTCCTCAC
F: ACTCACCTCTTCAGAACGAATTG
Human IL-6

R: CCATCTTTGGAAGGTTCAGGTTG

Human M-CSF (CSF1)

F: GCTGTTGTTGGTCTGTCTC
R: CATGCTCTTCATAATCCTTG

F: ACAACTTTGGTATCGTGGAAGG

Human GAPDH

R: GCCATCACGCCACAGTTTC

OPG, Osteoprotegerin; IL-6, Interleukin-6; M-CSF, Macrophage Colony-

Stimulating Factor.

Increased TRAP-Positive Osteoclasts Were Observed
in Remodeling-Associated Periodontal Tissues

TRAP staining identified multinucleated TRAP-
positive osteoclasts predominantly localized along alveolar
bone surfaces. Quantitative analysis demonstrated a signif-
icantly increased number of TRAP-positive cells in bone
remodeling-associated tissues compared with reference tis-
sues (p <0.001), indicating increased osteoclast abundance
in remodeling-associated periodontal tissues (Fig. 2A,B).
In anatomically corresponding regions of adjacent serial
sections, these TRAP-enriched areas were compared with
the RANKL/RANK immunohistochemical findings shown
in Fig. 5.

Altered Expression of RANKL/RANK-Related
Molecules in Remodeling-Associated ROIs

Quantitative real-time PCR analysis of laser-
microdissected tissues demonstrated that RANKL and
RANK mRNA expression levels were markedly elevated
in remodeling-associated ROIs compared with baseline
ROIs (Fig. 3). In contrast, the increase in OPG expression
was less pronounced than that of RANKL, resulting in a
significantly elevated RANKL/OPG ratio (» <0.001). Con-
sistently, expression of NFATc1 and ACP5 was upregulated
(» < 0.001), consistent with increased osteoclast-related
molecular activity in remodeling-associated ROIs.

Inflammatory Cytokines and Osteoclast-Related
Proteins Were Concomitantly Elevated in
Periodontal Tissue Homogenates

Western blot analysis of whole periodontal tissue ho-
mogenates revealed elevated protein levels of the inflam-
matory cytokines IL-1B, TNF-a, and IL-6, together with
increased expression of RANKL, RANK, and NFATc¢l, in
remodeling-associated tissues compared with reference tis-
sues (Fig. 4A,B; p <0.001). Because protein was extracted
from whole-tissue lysates, these findings reflect the overall
molecular status at the tissue level and are consistent with

the LCM-based mRNA data. These whole-tissue protein
data were included to characterize the overall inflammatory
and osteoclast-related molecular context of the periodontal
tissues and were not intended to provide spatially resolved
evidence.

RANKL and RANK Immunoreactivity was Observed
in Anatomically Corresponding Regions of Adjacent
Serial Sections With Increased TRAP-Positive
Osteoclasts

Immunohistochemical analysis showed that RANKL
and RANK immunoreactivity was predominantly observed
in periodontal ligament cells and along alveolar bone
surfaces (Fig. 5A-C). In adjacent serial sections from
anatomically corresponding periodontal regions, stronger
RANKL/RANK immunoreactivity was observed in regions
corresponding to TRAP-positive osteoclast-enriched areas
shown in Fig. 2. These findings support a spatial corre-
spondence between RANKL/RANK immunoreactivity and
osteoclast-rich remodeling sites in anatomically matched
serial sections, but do not establish direct cellular colocal-
ization or cell-type specificity.

TNF-o Stimulation Altered the Expression of
Osteoclast-Related and Inflammatory Markers in
hPDLCs

Treatment with TNF-a significantly altered the ex-
pression profile of hPDLCs in a dose-dependent manner.
As shown in Fig. 6, TNF-a stimulation markedly upregu-
lated RANKL mRNA expression compared with the con-
trol group (p < 0.001), whereas OPG mRNA expression
showed a decreasing trend (p < 0.01). Consequently, the
RANKL/OPG ratio was significantly increased in the TNF-
a-treated groups (p < 0.001). TNF-a stimulation also in-
duced increased /L-6 and M-CSF expression (p < 0.001).
These findings suggest that inflammatory stimulation may
shift hPDLCs toward a molecular profile associated with
osteoclast-related signaling.
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Fig. 2. Identification and quantification of osteoclasts in periodontal tissues by TRAP staining. (A) Representative TRAP-stained
sections of periodontal tissues from the Reference Region (left column) and the Remodeling-associated Region (right column), shown at
100x, 200%, and 400x magnification. Yellow arrows on the 200 and 400x panels indicate representative multinucleated TRAP-positive
osteoclasts, identified as large cells with red cytoplasmic TRAP signal and multiple nuclei located along the alveolar bone surface. In
the Reference Region, no comparable multinucleated TRAP-positive osteoclasts were observed, and open spaces within the periodontal
tissue correspond to physiological periodontal ligament and vascular/marrow spaces rather than sectioning artifacts. (B) Quantitative
analysis of TRAP-positive osteoclast numbers per field in reference tissues and bone remodeling-associated tissues. Data are presented
as mean + SD (n = 6 animals per group), with osteoclast counts averaged across 3 non-overlapping high-magnification fields per section
per animal. ***p <0.001.
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Fig. 3. Gene expression analysis of RANKL/RANK-related molecules in remodeling-associated ROIs isolated by Laser Cap-
ture Microdissection (LCM). Quantitative real-time PCR analysis showing mRNA expression levels of RANKL, RANK, OPG,
RANKL/OPG ratio, NFATc1, and ACPS. Data were derived from micro-dissected tissues. Gene expression levels were normalized

to the internal control and expressed relative to reference tissues. Data are presented as mean + SD (n = 6 animals, each sample from an

independent animal). ***p < 0.001.

Discussion

In the present study, we characterized remodeling-
associated periodontal regions using a combined histolog-
ical, spatial, and molecular approach. LCM-based analy-
sis showed increased expression levels of RANKL, RANK,
NFATcl1, and ACPS5, along with an elevated RANKL/OPG
ratio in remodeling-associated ROIs. At the tissue level,
whole-tissue homogenates also showed increased inflam-
matory cytokines and osteoclast-related proteins. Comple-
menting the molecular data, immunohistochemical analysis
of adjacent serial sections revealed stronger RANKL and
RANK immunoreactivity in periodontal regions anatomi-
cally corresponding to TRAP-positive osteoclast-enriched

areas. Taken together, the LCM-based qPCR data pro-
vide the primary evidence for spatially restricted molecu-
lar alterations in remodeling-associated periodontal niches,
whereas the whole-tissue Western blotting and serial-
section immunohistochemistry offer complementary con-
textual support at the tissue and regional levels, respec-
tively.

A central finding of this investigation is the spatial
and quantitative dominance of RANKL over OPG in the
remodeling-associated tissues. Under physiological con-
ditions, PDL cells function as a barrier against resorption
by constitutively expressing OPG, a decoy receptor that
neutralizes RANKL [28]. However, our data suggest that
within remodeling-associated microenvironments, the in-
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Fig. 4. Inflammatory cytokines and osteoclast-related proteins were elevated in periodontal tissue homogenates. (A) Representa-
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used for protein analysis to assess the overall inflammatory status. The OTM-loaded maxillary first molar and its contralateral unloaded
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as mean + SD (n = 6 animals per group). ***p <0.001.

crease in RANKL is not matched by a proportional in-
crease in OPG, resulting in a marked elevation of the lo-
cal RANKL/OPG ratio. While RANKL expression was
markedly elevated, OPG levels failed to mount a propor-
tional compensatory response, resulting in a drastically in-
creased RANKL/OPG ratio. This ratio, rather than the ab-
solute concentration of either molecule, serves as a major
determinant of osteoclast differentiation potential [29,30].
In adjacent serial sections, stronger RANKL/RANK im-
munoreactivity was observed in regions corresponding to
TRAP-positive osteoclast-enriched areas. This regional
correspondence is consistent with the participation of local

periodontal cells in remodeling-associated signaling, but
the present data do not establish a phenotypic switch at the
cellular level.

Downstream of the receptor-ligand interaction, the
robust upregulation of NFATc1 observed in the experi-
mental group is consistent with activation of downstream
osteoclast-related transcriptional signaling. NFATcl is
widely regarded as the master transcriptional regulator of
osteoclastogenesis, responsible for the auto-amplification
of its own promoter and the induction of osteoclast-specific
genes such as ACP5 (TRAP) and Ctsk [31,32]. It is note-
worthy that NFATc1 activation is not solely dependent on
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0.001.
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RANKL,; inflammatory cytokines, particularly TNF-a and
IL-1B, can synergize with RANKL signaling to enhance
NFATc1 nuclear translocation and stability [33,34,35]. Our
Western blot results showed concomitant increases in in-
flammatory cytokines and osteoclast-related proteins at the
tissue level. Because these measurements were obtained
from whole-tissue homogenates, they should be interpreted
as tissue-level associations rather than direct evidence of
local mechanistic coupling.

We selected TNF-a as the representative inflamma-
tory stimulus. TNF-o occupies an upstream position in
the periodontal inflammatory cascade and can induce both
IL-1B and IL-6 production in periodontal ligament and
stromal cells, allowing it to recapitulate, at least in part,
the broader cytokine response [18]. Among the three cy-
tokines, TNF-a has the most direct and best-characterized
effect on the RANKL/RANK/OPG axis, the central path-
way of the present study, including upregulation of RANKL
and modulation of OPG in osteoblastic/stromal lineage cells
[11,36]. Also, TNF-a has been repeatedly shown to drive
RANKL expression and osteoclastogenic signaling in or-
thodontic tooth movement models in vivo [18,29,37], mak-
ing it the most representative single-cytokine stimulus for
cross-study comparability. The in vitro findings provide
complementary cellular-level evidence to the in vivo spa-
tial data. TNF-a stimulation of hPDLCs dose-dependently
increased the RANKL/OPG ratio and M-CSF expression,
suggesting that PDL cells exposed to an inflammatory mi-
croenvironment may acquire a molecular profile permis-
sive for osteoclast-related signaling. M-CSF is essential
for the survival and proliferation of macrophage/monocyte-
lineage osteoclast precursors [38,39]. Given that PDL
cells are known to support osteoclast precursor recruit-
ment through paracrine signaling, the concomitant upreg-
ulation of M-CSF alongside an elevated RANKL/OPG ratio
suggests that TNF-a stimulation may increase the expres-
sion of molecular cues relevant to both osteoclast precur-
sor support and RANKL-dependent osteoclastogenic sig-

naling within the PDL cell niche. Taken together with the
in vivo findings demonstrating elevated RANKL, disrupted
RANKL/OPG balance, and increased NFATc1 expression
within remodeling-associated ROIs, these in vitro data sug-
gest a plausible cellular mechanism through which local
inflammatory cues may contribute to the altered molecu-
lar environment observed in remodeling periodontal niches.
Nevertheless, direct evidence linking cytokine-mediated
PDL cell responses to osteoclast activation in vivo remains
to be established in future studies.

From a translational perspective, the present findings
suggest that spatially localized inflammatory states may
be relevant to periodontal remodeling. However, further
mechanistic and interventional studies are needed before
any therapeutic implications can be drawn.

A significant strength of this study is the utilization
of LCM [40]. Previous studies relying on whole-tissue
homogenates often averaged out biological variability, po-
tentially masking the subtle molecular changes occurring
specifically at the bone-PDL interface [40,41]. By physi-
cally isolating remodeling sites from quiescent tissues, our
findings provide a more accurate representation of the local
imbalance in the RANKL/OPG ratio associated with osteo-
clastogenic activity.

Notably, the increase in RANK and RANKL protein
levels (Fig. 4) appeared more pronounced than the cor-
responding mRNA fold changes (Fig. 3). This appar-
ent discrepancy reflects the complementary design of the
two assays. Laser-microdissection-based qPCR compared
the Remodeling-associated ROI with an adjacent Reference
ROI on the same orthodontically loaded tooth, thereby cap-
turing local spatial heterogeneity within the loaded peri-
odontium. Western blotting, performed on whole-tissue
lysates, compared the orthodontically loaded tooth with
the contralateral unloaded tooth of the same animal, which
served as a true physiological baseline. The contralateral
baseline is inherently lower than the adjacent Reference
ROI on the loaded tooth, and the latter may itself be subject
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to systemic or regional contributions of the loaded environ-
ment. So, the fold changes obtained by Western blotting are
calculated against a lower reference and accordingly ampli-
fied. The two readouts thus converge on the same biological
conclusion through orthogonal comparisons. Specifically,
local intra-tooth heterogeneity was observed at the tran-
script level, whereas global tissue-level upregulation was
reflected at the protein level. Additional contributors in-
clude the well-established non-linearity between transcript
and protein abundance for RANK/RANKL, owing to trans-
lational regulation, protein stability, and membrane reten-
tion, as well as the longer integration window of protein
accumulation over the 7-day loading period compared with
the transient nature of mRNA expression.

Several limitations should be acknowledged. Al-
though comparison of adjacent serial sections allowed
assessment of regional correspondence between TRAP-
positive osteoclast-rich areas and RANKL/RANK im-
munoreactivity, the present design did not include double-
label staining and therefore cannot establish direct colo-
calization at the cellular level. Protein expression was as-
sessed using whole-tissue homogenates, which do not pro-
vide spatial resolution comparable to that of the LCM-
based mRNA analysis. Moreover, TNF-a stimulation of
hPDLCs provides supportive evidence that inflammatory
stimulation may alter osteoclast-related molecular markers,
but does not establish a direct causal relationship between
inflammatory cytokines and osteoclast activation in peri-
odontal tissues in vivo. We acknowledge that IL-1p and
IL-6 are also potent regulators of osteoclast-related signal-
ing, and a direct comparison of the three cytokines, alone
and in combination, will be addressed in future studies. In
addition, RNA extracted from formalin-fixed, decalcified,
and paraffin-embedded periodontal specimens is inevitably
fragmented, which can in principle reduce qPCR sensitiv-
ity and dynamic range [42]. To mitigate this, we used a
standard LCM-FFPE workflow on PEN membrane slides
with an FFPE-compatible RNA extraction protocol. We
also adopted qPCR primer sets producing short amplicons
(~100-150 bp) that are well tolerated by degraded RNA
templates, and a strictly within-section design in which
Remodeling-associated and Reference ROIs were laser-
microdissected from the same tissue section of the same
tooth and therefore identically fixed and decalcified. Be-
cause both ROIs are affected by RNA fragmentation to a
comparable degree, the resulting Ct shifts are largely can-
celled by AACt normalization to GAPDH, allowing reliable
relative quantification of transcript abundance between the
two regions, as previously demonstrated for FFPE-derived
RNA [39]. Nevertheless, absolute transcript quantification
remains less robust than that from fresh-frozen material,
and future studies using fresh-frozen LCM or paired RNA
sequencing are warranted to validate and extend the present
findings.
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Conclusion

In conclusion, the present study -characterized
remodeling-associated periodontal microenvironments
using a spatially resolved molecular approach. LCM-
based analysis demonstrated that disruption of the local
RANKL/OPG balance and upregulation of osteoclast-
related molecules are spatially restricted features of
remodeling niches, rather than uniformly distributed
changes across the tissue.  Regional correspondence
between RANKL/RANK immunoreactivity and TRAP-
positive osteoclast-enriched areas, observed in adjacent
serial sections, further supports the spatial specificity of
these molecular alterations. At the cellular level, TNF-a
stimulation of hPDLCs shifted the molecular profile
toward a state permissive for osteoclast-related signaling,
providing supportive evidence for the in vivo observations.
Collectively, these findings highlight the importance of
spatial resolution in studying periodontal remodeling and
suggest that local inflammatory cues may contribute to
shaping the osteoclast-related molecular microenvironment
within specific remodeling niches. Future investigations
incorporating multiplex immunofluorescence or single-cell
transcriptomic approaches would allow direct assessment
of the cellular colocalization of RANKL/RANK expres-
sion with osteoclast activity, whereas in vivo conditional
knockout or cytokine neutralization models are needed
to establish the causal role of inflammatory signaling in
periodontal bone remodeling.
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