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KEYWORDS Abstract Background/Purpose: Temporomandibular joint (TMJ) arthritis causes inflamma-
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arthritis; arthritis. While micro-computed tomography (micro-CT) is crucial for three-dimensional (3D)
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bone analysis, it has limitations in imaging nonmineralized tissues. Phosphotungstic acid (PTA)
enhances soft tissue contrast. However, research on the 3D imaging of mandibular condylar
cartilage and the molecular mechanisms of CFA- and ClA-induced arthritis remains unclear.
This study aimed to investigate the bone and PTA-stained cartilage in the mandibular condyle
using 3D reconstruction and explore the characteristics of enriched gene ontology terms under-
lying CFA- and ClA-induced TMJ arthritis in rat models.

Materials and methods: Rat mandibular condyles were collected from control, CFA, and CIA
groups. Live micro-CT created 3D bone structures, and PTA-enhanced micro-CT constructed
3D mandibular condylar cartilage. Gene ontology enrichment analysis identified enriched gene
ontology terms from differentially expressed genes through RNA sequencing.

Results: Major deformities in cartilage volume and bone morphology were observed in the
arthritis-induced groups. The CIA group exhibited significant correlations between cartilage
volume and bone parameters changes. Gene ontology enrichment analysis indicated fewer
terms with upregulated differentially expressed genes related to inflammation and immune
response in the CIA group than in the CFA group.

Conclusion: This study reveals distinct responses between CFA- and ClA-induced TMJ arthritis
models. The CIA group exhibited strong correlations between cartilage volume and bone
parameter changes and had less pronounced inflammation and immune response than the
CFA group.

© 2025 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Temporomandibular disorder (TMD) is a multifactorial
musculoskeletal disorder that affects the temporomandib-
ular joint (TMJ), masticatory muscles, and adjacent re-
gions." TMD can be categorized into intra-articular and
extra-articular types, with the former involving articular
disorders such as disc derangement, trauma, and degen-
erative joint disorders, including arthritis.?> In patients
with TMJ arthritis, various proinflammatory cytokines and
proteinases are detected in the synovial fluid, resulting in
the degradation of the extracellular matrix within the
mandibular condylar cartilage.* This process also affects
the differentiation and activation of osteoclasts, leading to
bone erosion.”

Micro-computed tomography (micro-CT) is widely used
to analyze bone structure with high spatial resolution,
allowing precise three-dimensional (3D) analysis. Compared
with mineralized tissues, nonmineralized soft tissues
exhibit considerably lower X-ray attenuation, which limits
their characterization with micro-CT.® To address this,
many studies have used different contrast agents to iden-
tify soft tissue, particularly articular cartilage.””® For
instance, phosphotungstic acid (PTA) has been used not
only to enhance soft tissue contrast but also to detect
collagen distribution in articular cartilage.” Although the
potential of PTA-enhanced micro-CT as a minimally invasive
method for 3D reconstruction of soft tissues,® few studies
have yet examined the effectiveness of contrast agents in
mandibular condylar cartilage.

To understand the mechanisms underlying TMJ arthritis
and explore therapeutic strategies, various animal models
of TMJ arthritis have been developed. Intra-articular in-
jection of chemical agents, like complete Freund’s adju-
vant (CFA), is commonly used for its straightforwardness
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and reproducibility.'®'" CFA-induced arthritis results in
reduced mandibular condylar cartilage thickness, sub-
chondral bone destruction, and inflammatory cell infiltra-
tion.'>'3 Collagen-induced arthritis (CIA), using CFA with
collagen, also results in degenerative changes in mandib-
ular condylar cartilage."*"®> Based on previous study,
collagen | alone showed no difference in histology or in-
flammatory mediators compared to the control group.'
Therefore, CFA is required for CIA-induced arthritis.
Although both animal models have been used for a long
time, comprehensive studies on the 3D imaging of
mandibular condylar cartilage and molecular mechanisms
of CFA- and ClA-induced arthritis remains unclear.

RNA sequencing (RNA-Seq) is a powerful genetic analysis
technique used to examine the biological characteristics of
arthritis-induced models. This technique can be used to
identify differentially expressed genes and is often fol-
lowed by a bioinformatic analysis, such as gene ontology
enrichment analysis.'® This approach can be used to pro-
cess high-throughput molecular data and generate hy-
potheses on biological phenomena.'” In this study, the aim
is to investigate the bone and PTA-stained cartilage in the
mandibular condyle in 3D reconstruction, and explore the
characteristics of enriched gene ontology terms underlying
CFA- and ClA-induced TMJ arthritis in rat models. These
findings will provide researchers with complete insights into
the arthritis-induced models that they use as references.

Materials and methods
Animals

A total of 18 Sprague Dawley rats (female, 250—320 g, 8
weeks old) were randomly divided into three groups, each
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comprising six rats following previous study'? (1) a control
group, (2) a CFA group, and (3) a CIA group. Ondays O and 7,
bilateral injections of 50 uL of CFA (Sigma—Aldrich, St.
Louis, MO, USA) and a 1:1 mixture of 50 uL of CFA with type
| collagen (Santa Cruz Biotechnology, Dallas, TX, USA) were
administered into the superior space of the TMJ through an
anterosuperior puncture technique.’® The experimental
protocols were reviewed and approved by the Institutional
Animal Care and Use Committee of National Yang Ming
Chiao Tung University, Taipei, Taiwan (IACUC: 1070505r).
Fig. 1 shows the conceptual framework of the experiment.

Micro-computed tomography scanning

Live micro-CT scanning was performed on days 0 and 21 to
evaluate bone structure, with a total of three rats (six
joints) in each group. The rats were intraperitoneally
anesthetized using isoflurane and aligned along the vertical
axis of the scanner. After scanning on day 21, the rats were
euthanized for cartilage evaluation. Bone and cartilage
evaluations were conducted using a SkyScan 1276 micro-CT
system (Bruker Belgium, Kontich, Belgium), operating at
85 kV with a source current of 200 pA (1-mm Al filter) to
capture images with a pixel size of 20 pm.

Phosphotungstic acid -enhanced micro-computed
tomography scanning

Rat mandibular condyles were isolated and immersed in 4%
formaldehyde and phosphate-buffered saline at room
temperature for 24 h. Subsequently, condyles were incu-
bated in a 1% PTA (Sigma—Aldrich) solution at room tem-
perature for another 24 h. PTA-stained cartilage was placed
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in 70% ethanol and scanned under the same micro-CT
scanning conditions.

Micro-computed tomography analysis

Bone

In accordance with the method of a previous study,'® 3D
bone images were first subject to volume of interest seg-
mentation, followed by image processing and then data
analysis. Specifically, after segmentation, further analyses
were conducted to gather data on various parameters,
including bone mineral density, bone volume to tissue vol-
ume ratio, trabecular bone thickness, trabecular bone
separation, and trabecular bone number.

Cartilage

3D cartilage images underwent preprocessing, image
registration, volume of interest segmentation, and data
analysis. Custom software efficiently isolated the mandible
and reduced 3D points for reconstruction, minimizing
computational power and time. Mimics software (21.0) was
used for 3D image reconstruction, spatial alignment, and
volume of interest segmentation to calculate cartilage
volume.

RNA and library preparation

Mandibular condyles from another three rats (six joints)
were collected on day 21 and immediately preserved in
RNAlater (Thermo Fisher Scientific, Waltham, MA, USA).
Sequencing libraries were generated using a KAPA mRNA
HyperPrep Kit (Roche, Basel, Switzerland). All procedures
were conducted in accordance with the manufacturer’s
protocol.
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Figure 1

Conceptual framework of the experiment. The rats were divided into three groups: a control group, a CFA group, and a

CIA group. Intra-articular injections were administered on days 0 and 7. Live micro-CT was performed on days 0 and 21 for bone
evaluation. After the rats were euthanized on day 21, three rats were examined using RNA-Seq, and the remaining rats were
evaluated using PTA-enhanced micro-CT for cartilage volume. CFA, complete Freund’s adjuvant; CIA, collagen-induced arthritis;
Micro-CT, micro-computed tomography; RNA-Seq, RNA sequencing; PTA, phosphotungstic acid.
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RNA sequencing analysis

RNA-Seq libraries were sequenced using an Illumina Nova-
Seq 6000 platform, generating 150-bp paired-end reads.
Trimmomatic was used to process raw reads and remove
adapter sequences and low-quality bases and reads.'® After
the cleaned reads were aligned to the reference genome by
using HISAT2,"® the aligned reads were processed using
featureCounts to obtain raw read counts.’® Differentially
expressed genes were identified using DESeq2 (v.1.26.0).%’
All differentially expressed genes included both upregu-
lated and downregulated genes with a cutoff of |fold
change| > 2 and a corrected P value of < 0.01.

Gene ontology enrichment analysis

Gene ontology enrichment analysis was conducted to
identify enriched terms associated with both upregulated
and downregulated differentially expressed genes. Meta-
scape (http://metascape.org) was used to conduct this
analysis, with statistical significance set at P < 0.01.

Statistical analysis

Cartilage volume and bone parameters were shown as
mean + standard deviation for at least six joints.
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Comparison of mandibular condyle morphology and bone parameters in the CFA, CIA, and control groups. Bone

morphology of the three groups was depicted on days 0 and 21 in (A) anterior, (B) superior, (C) posterior, (D) medial, and (E) lateral
views. After arthritis induction, significant bone deformation was observed in the arthritis-induced groups in all views. (F) Bone
mineral density exhibited an increasing trend over time in all groups. (G) Bone volume to tissue volume ratio significantly increased
over time in the three groups. Between days 0 and 21, (H) bone mineral density change significantly decreased in the arthritis-
induced groups compared with the control group. (I) Bone volume to tissue volume ratio change significantly decreased in the
CIA group compared with the control group. White arrows indicate bone deformation. CFA, complete Freund’s adjuvant; CIA,
collagen-induced arthritis. A, anterior; P, posterior. *P < 0.05, **P < 0.01, ***P < 0.0001.
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Correlations compared cartilage volume on day 21 with
percentage changes in bone parameters between day 21
and day 0. All statistical analyses were performed with
GraphPad Prism 9 using one-way analysis of variance

post hoc test for bon

(ANOVA) with Tukey’s post hoc test for cartilage volume and
bone parameter changes, and two-way ANOVA with Tukey’s

e parameters. Pearson’s correlation

was used for cartilage and bone parameter change
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Figure 3

Comparison of subchondral trabecular bone morphology and bone parameters in the CFA, CIA, and control groups. On

day 0, no obvious differences were observed in subchondral trabecular bone in the (Aa) control, (Ab) CFA, or (Ac) CIA group.
However, on day 21, the density of subchondral trabecular bone in the (Ad) control group substantially increased, whereas the
subchondral trabecular bone of the (Ae) CFA and (Af) CIA groups appeared sparser with visible spaces. (B) Trabecular bone
thickness significantly increased over time in all groups. (C) Trabecular bone separation significantly decreased in the control group
over time. (D) No significant change was observed in trabecular bone number between the three groups. Comparing the parameter
changes between day 21 and day 0, no differences were observed in (E) trabecular bone thickness or (G) trabecular bone number
among the three groups. However, a significant difference in (F) trabecular bone separation was observed in the CIA group
compared to the control group. CFA, complete Freund’s adjuvant; CIA, collagen-induced arthritis. *P < 0.05, ****P < 0.0001.
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relationships. Statistical significance levels were *P < 0.05,
**P < 0.01, ***P < 0.001, and = =** =P < 0.0001.

Results

According to the 3D bone image, there were no significant
differences in bone morphology among the three groups in
the anterior (Fig. 2A), superior (Fig. 2B), posterior (Fig. 2C),
medial (Fig. 2D), and lateral (Fig. 2E) views on day 0. After
arthritis induction, significant bone deformation was noted
in arthritis-induced groups on day 21, particularly in the
posterior region, with more distinct changes in the CIA
group compared to the CFA group. However, no significant
differences were observed in the bone morphology of the
control group on day 21 and day 0.

The bone parameters observed on day 0 and day 21
showed no difference in bone mineral density among the
three groups (Fig. 2F), while bone volume to tissue volume
ratio significantly increased over time in the CFA
(P = 0.0015), CIA (P = 0.0068), and control (P < 0.0001)
groups (Fig. 2G). Comparing the bone parameter changes
between day 21 and day 0, the control group exhibited a
significant decrease in bone mineral density compared to
both the CFA (P = 0.0418) and CIA (P = 0.0158) groups
(Fig. 2H). In terms of bone volume to tissue volume ratio, a

A

significant decrease was noted between the control and CIA
groups (P = 0.03, Fig. 2I).

Variations in subchondral trabecular bone within the
mandibular condyle were performed on a sagittal central
section. No obvious differences were observed in the sub-
chondral trabecular bone among the three group on day
0 (Fig. 3Aa—c). However, on day 21, subchondral trabecular
bone density substantially increased in the control group
(Fig. 3Ad), while arthritis-induced groups showed sparse
and visible spaces (Fig. 3Ae,f). Despite these findings, the
differences between the arthritis-induced groups were not
significant on day 21.

For bone parameters of subchondral trabecular bone
observed on day 0 and day 21, trabecular bone thickness
increased over time in all groups (P < 0.0001, Fig. 3B), with
a significant decrease in trabecular bone separation in the
control group (P = 0.0043, Fig. 3C). No significant differ-
ences were found in trabecular bone number across groups
(Fig. 3D). Comparison of bone parameter changes in sub-
chondral trabecular bone on day 21 and day 0 revealed no
differences in trabecular bone thickness among the three
groups (Fig. 3E). Within these three groups, a progressively
increasing trend in trabecular bone separation change was
observed. The control group exhibited a significantly lower
trabecular bone separation compared to the CIA group
(P < 0.0411, Fig. 3F). In contrast, a progressively
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Figure 4 Comparison of cartilage volume at day 21 in the CFA, CIA, and control groups. Lateral and superior views of the 3D
reconstruction of cartilage volume in the (A) control, (B) CFA, and (C) CIA groups. (D) A significant decrease was observed in
cartilage volume in the CFA and CIA groups. CFA, complete Freund’s adjuvant; CIA, collagen-induced arthritis; L, lateral; S, su-

perior. **P < 0.01, ***P < 0.0001.
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decreasing trend in trabecular bone number change was
found within these three groups (Fig. 3G).

After staining with PTA, the difference between the
mandibular condylar cartilage and subchondral bone posi-
tions was clearly observed in both the lateral and superior
views. In the control group, the mandibular condyle was
evenly covered by cartilage (Fig. 4A). Nevertheless, a sig-
nificant decrease in cartilage volume was observed in both
the CFA (P < 0.0001) and CIA (P = 0.0011) groups
(Fig. 4B—D), with the remaining cartilage predominantly
located in the anterior mandibular condyle.

Among the control and CFA groups, moderate positive
correlations (0.5 < r < 0.7)*2 were noted for bone mineral
density (P = 0.0246) and bone volume to tissue volume ratio
(P = 0.0176, Fig. 5A and B), with a moderate negative
correlation for trabecular bone separation (-0.5 <r < -0.7,
P = 0.0118, Fig. 5D). The control and CIA groups showed
more significant correlations. Besides to trabecular bone
thickness (P = 0.0343), which exhibited a moderate positive
correlation (Fig. 5H), bone mineral density (P = 0.0012),
bone volume to tissue volume ratio (P = 0.0002), and
trabecular bone number (P = 0.0037) exhibited high positive
correlations (0.7 < r < 0.9, Fig. 5F, G, J). In addition,
trabecular bone separation (—0.9 < r < —1.0, P < 0.0001)
exhibited a very high negative correlation (Fig. 5I).

A comparison of the control and CFA groups, revealed 98
upregulated differentially expressed genes and 88 down-
regulated differentially expressed genes in the CFA group
(Fig. 6A). The upregulated differentially expressed genes
were associated with inflammation and immune response
more prominently in biological processes than for molecu-
lar functions and cellular components (Fig. 6B). Conversely,
the downregulated differentially expressed genes associ-
ated with muscle fibers across biological processes, mo-
lecular functions, and cellular components (Fig. 6C). A
comparison of the control and CIA groups revealed 101
upregulated differentially expressed genes and 92 down-
regulated differentially expressed genes in the CIA group
(Fig. 7A). The upregulated differentially expressed genes
related to inflammation and immune response, though less
distinct than in CFA group (Fig. 7B). The most down-
regulated differentially expressed genes in CIA were also
associated with muscle fibers (Fig. 7C). A comparison of the
CFA and CIA groups revealed 44 upregulated differentially
expressed genes and 29 downregulated differentially
expressed genes in the CIA group (Fig. 8A). The upregulated
differentially expressed genes did not show association
with inflammation or immune response in biological pro-
cesses, molecular functions, and cellular components
(Fig. 8B), whereas the downregulated differentially
expressed genes did (Fig. 8C).

Discussion

Previous studies have used various contrast agents like ionic
contrast agents, uranyl acetate, osmium tetroxide, PTA,
and iodine potassium iodide in micro-CT imaging to detect
articular cartilage.”*"2>~%° However, research on contrast
enhancement effectiveness in the mandibular condylar
cartilage remains limited, focusing mostly on ionic contrast
agents and uranyl acetate. Uranyl acetate offers strong
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parameter changes in the CFA, CIA, and control groups. Among
the control and CFA groups, there were moderate positive
correlations for (A) bone mineral density and (B) bone volume
to tissue volume ratio, and a moderate negative correlation for
(D) trabecular bone separation. However, (C) trabecular bone
thickness and (E) trabecular bone number did not show sig-
nificant correlations. In the control and CIA groups, only (H)
trabecular bone thickness exhibited a moderate positive cor-
relation, while (F) bone mineral density, (G) bone volume to
tissue volume ratio, and (J) trabecular bone number exhibited
high positive correlations. Additionally, (l) trabecular bone
separation exhibited a very high negative correlation. CFA,
complete Freund’s adjuvant; CIA, collagen-induced arthritis.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

cartilage visibility but is toxic, while PTA is less toxic.”-?%%’

PTA, as an anionic contrast agent, selectively binds to
positively charged collagen groups and cause minimal tissue
shrinkage.?>%® In 2015, PTA was recognized as a potential
marker for visualizing collagen distribution in articular
cartilage through 3D reconstruction without compromising
tissue integrity.® Through PubMed advanced search, we
found that most studies on PTA in articular cartilage are
related to knee joints, including in mice or humans.®?’
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collagen-induced arthritis.

Currently, there are no studies on the application of PTA in
mandibular condylar cartilage. Therefore, to the best of
the authors’ knowledge, this study is the first to use PTA as
a contrast agent to assess cartilage volume in rat mandib-
ular condyles.
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3D imaging revealed significant bone and cartilage
damage in the arthritis-induced group. The anterior
mandibular condyle, identified as a high-stress region due
to unique TMJ movement patterns, undergoes remodeling
to balance mechanical load.>°>? Remodeling modulates
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Figure 7 Gene ontology enrichment analysis of differentially expressed genes in the control and CIA groups. (A) The number of
upregulated and downregulated differentially expressed genes was compared between the control and CIA groups. (B) The
upregulated differentially expressed genes in biological processes and cellular components were associated with inflammation and
immune response. However, for molecular functions, no key gene ontology terms associated with inflammation or immune response
were observed. (C) The downregulated differentially expressed genes in biological processes, molecular functions, and cellular

components were associated with muscle fibers or other terms.

chondrogenesis or the composition of extracellular matrix
to achieve a better balance,*”** leading to a concentration
of cartilage in this area. Under overloading stress, cartilage
degradation and subchondral bone resorption occur in the
posterior mandibular condyle.?* This may explain why, in
this study, damage to both bone and cartilage was more

CFA, complete Freund’s adjuvant; CIA, collagen-induced arthritis.

pronounced in the posterior region than in the anterior
region. Inflammatory factors may affect bone growth,
thereby influencing bone remodeling capacity.>® The cor-
relation between cartilage volume and bone parameter
changes indicated that smaller cartilage volume was asso-
ciated with minimal bone parameter changes in the
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Gene ontology enrichment analysis of differentially expressed genes in the CFA and CIA groups. (A) The number of

upregulated and downregulated differentially expressed genes was compared between the CFA and CIA groups. (B) The upregu-
lated differentially expressed genes with enriched gene ontology terms in biological processes, molecular functions, and cellular
components were not associated with inflammation or immune response, whereas (C) the downregulated differentially expressed
genes were. CFA, complete Freund’s adjuvant; CIA, collagen-induced arthritis

arthritis-induced group, suggesting lower remodeling ca-
pacity. The CIA group showed a stronger correlation than
the CFA group, indicating lower remodeling capacity in the
CIA group. However, the limitation of 3D imaging is that it
can only show overall changes; therefore, detailed internal
tissue changes require histological analysis for further
verification.

198

Previous studies suggest ClA-induced arthritis models
exhibit RA-like pathological mechanisms,*®*” while the
type of arthritis induced by CFA is controversial.' 38
Although the type of CFA-induced arthritis could not be
clearly defined in this study, gene enrichment analysis was
used to explore the differences in enriched gene ontology
terms between the CFA- and ClA-induced models. Gene
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ontology categorizes gene functions into molecular func-
tion, cellular component, and biological process, reflecting
molecular—level activities, locations, and contributions to
biological objectives, respectively.***’ Based on the study
findings, gene ontology terms related to inflammation and
immune response were identified among the upregulated
differentially expressed genes compared to the control
group in the arthritis-induced groups. However, the
expression level of these gene ontology terms was lower in
the CIA group. Additionally, gene ontology terms associated
with inflammation and immune response were found among
the downregulated differentially expressed genes in the CIA
group compared to the CFA group on day 21. Furthermore,
previous histological results indicated more distinct
changes in the mandibular condylar cartilage in the CFA
group, whereas the CIA group showed less cellularity and
thinning of the mandibular condylar cartilage on day 35."°
These observations suggest that the inflammatory
response in CIA was less sustained but resulted in more
severe tissue damage.

In conclusion, the arthritis-induced groups showed sig-
nificant deformities in cartilage volume and bone
morphology. The CIA group exhibited strong correlations
between cartilage volume and bone parameter changes and
had less pronounced inflammation and immune response
than the CFA group. These findings provide comprehensive
insights for researchers seeking to utilize these arthritis-
induced models as reference models.
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