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[Abstract] Objective To investigate the mechanism of shed syndecan-4 (sSDC4) in temporomandibular joint osteo-
arthritis (TMJOA) in rats, aiming to provide experimental evidence for its prevention and treatment. Methods This
study was approved by the Institutional Animal Ethics Committee. Twelve 6-week-old female Sprague Dawley (SD) rats
were randomly divided into two groups. They received a single intra-articular injection into the bilateral superior cavity
of temporomandibular joint, which consisted of either 50 wL of 4 mg/mL monosodium iodoacetate (TMJOA model
group) or 50 wL of phosphate-buffered saline (PBS, control group). After 4 weeks, the mandibular condylar cartilage
was harvested for hematoxylin & eosin (H&E) staining, Safranin O-fast green (SO) staining, and type II collagen (Col-
II') immunohistochemical staining to assess the degree of cartilage degeneration. The synovium of the temporomandibu-
lar joint was collected for immunohistochemical staining to detect the expression levels of interleukin-6 (IL-6) and
tumor necrosis factor-a (TNF-a) to evaluate the degree of synovial inflammation. Synovial fluid from the temporoman-
dibular joint cavity was collected to measure sSDC4 levels by enzyme-linked immunosorbent assay (ELISA). In addi-
tion, 12 6-week-old female SD rats were randomly divided into a His-SDC4 group and a control group, receiving injec-
tions into the bilateral superior cavity of temporomandibular joint of either 100 ng/mL (50 wL) of His-SDC4 protein or
50 pL of PBS once every 3 days for a total of 28 days. The same experimental procedures were performed for H&E
staining, SO staining, and immunohistochemical staining (Col- Il 1L-6, TNF-) to observe condylar cartilage degenera-
tion and detect synovial inflammation. Rat synovial fibroblasts and condylar chondrocytes were cultured in vitro and
randomly divided into a His-SDC4-stimulated (10 ng/mL) group and control group. Perform CCK-8 cytotoxicity assays
and observe cellular morphology under optical microscopy, the mRNA expression levels of IL-6 and TNF-a were de-
tected by real-time quantitative polymerase chain reaction (RT-qPCR), and the levels of IL-6 and TNF-« in cell culture
supernatants were measured by ELISA. Results Compared with the control group, the TMJOA group showed de-
creased condylar cartilage thickness, percentage of SO-positive area, and percentage of Col- I -positive area (all P<
0.001); an increased synovitis score (P<0.001) and increased percentages of IL-6- and TNF- « -positive cells in the
synovium (all P<0.001); and a significant increase in sSDC4 levels in the synovial fluid (P = 0.011). Following intra-
articular injection of His-SDC4, condylar cartilage thickness, percentage of SO-positive area, and percentage of Col- Il
-positive area all decreased (all P<0.001); the synovitis score increased (P = 0.006), and the percentages of 1L-6- and
TNF- o -positive cells in the synovium increased (all P<0.001). In vitro experiments showed that His-SDC4 stimulation
significantly upregulated the expression levels of 1L-6 and TNF-a in both synovial fibroblasts and condylar chondro-
cytes (all P<0.01), and the levels of these two cytokines in the culture supernatants also significantly increased (all P<
0.01). Conclusion During TMJOA progression, the level of sSDC4 in the synovial fluid is significantly elevated,
which can directly stimulate synovial fibroblasts and condylar chondrocytes to secrete more pro-inflammatory cytokines,
forming a vicious cycle that accelerates TMJOA progression.

[Key words] temporomandibular joint; osteoarthritis; syndecan-4; shed syndecan-4; cartilage;  synovium;
synovitis
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Table 1  Primer sequences

Gene Forward (F) and reverse (R) primers(5'-3")
IL-6 F: ACTTCCAGCCAGTTGCCTTCTTG
R: TGGTCTGTTGTGGGTGGTATCCTC
TNF-a F: ATGGGCTCCCTCTCATCAGTTCC
R: CCTCCGCTTGGTGGTTTGCTAC
GAPDH F: GGCACAGTCAAGGCTGAGAATG

R: ATGGTGGTGAAGACGCCAGTA

TNF-a: tumor necrosis factor-a; IL-6: interleukin-6; GAPDH: glyceral-
dehyde-3-phosphate dehydrogenase.
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a: HE, SO, and Col- [l immunohistochemical staining images of the left TMJ cartilage tissues from rats in the control and TMJOA model groups;
n = 6, bar = 100 wm. The results of HE staining showed that the condylar cartilage of the control group was clear and the surface of the cartilage
was smooth and neat. The condylar cartilage in the TMJOA group was significantly thinner, the surface of the cartilage was rough, the cells in each
layer of the cartilage tissue were sparsely dispersed and unevenly distributed, and the amount of subchondral bone was significantly reduced. SO
staining results showed that the proteoglycan in the condylar cartilage of the control group was evenly distributed in the hypertrophic layer, and
the boundary between the fibrous layer and the subchondral bone was evident. The proteoglycans in the TMJOA group were significantly reduced,
the coloring distribution was uneven, and it was primarily limited to the deep portion of the hypertrophic layer. The results of Col-1I immunohisto-
chemical staining showed that Col-II in the condylar cartilage of the control group was evenly distributed in the hypertrophic layer, and the posi-
tive area of Col-II in the condylar cartilage of the TMJOA group was significantly reduced. b: quantitative analysis results of the middle zone thick-
ness, SO area, and Col- Il -positive area of the condylar cartilage based on HE-, SO-, and Col- Il -stained sections. TMJOA group: a single dose of
MIA (50 pL, 4 mg/mL) was injected into the hilateral superior joint space in rats; control group: a single dose of PBS (50 wL) was injected into
the bhilateral superior joint space in rats. HE: hematoxylin-eosin; SO: Safranin O-fast green; Col- Il : type Il collagen; TMJ: temporomandibular
joint; TMJOA: temporomandibular joint osteoarthritis; MIA: monosodium iodoacetate
Figure 1  Degree of temporomandibular joint condylar cartilage degeneration in an MIA-induced rat TMJOA model

Bl 1 MIA SRR TMIOA #5350 A 56 5 B 28 0 A8 A i W 2

TMJ ¥ 5 Y9 HE 3 (8 % 11-6 , TNF-a f4 528 20 4k TNF-o PP ET 43 s 3% BRZH (1L-6 :1=69.08, P
S5 R, Ok B2 T R AL )2 U T, TMJOA A5 A <0.001; TNF-a :1=53.36, P<0.001) ([¥] 2a-2d) .
2 HRE 2 A HEL 0 I A R o 4 L 5 2K AL L 4 XF W 4 TM 1 W P (14 sSDC4 7K - #E 41 ELISA
it 22 48 g L R DL o T A IR I AR DT K R, 45 5 7R TMJOA A5 40 TM 9 & H 1) sSDC4
(1=7.826,P<0.001) . TMJOA #5720 ¥ 5 2 21 116 IR 5 %} BEZH AR b T (1=3.627, P=0.011) (5] 2e) .
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a: HE and immunohistochemical staining images (1L-6, TNF-a) from the left TMJ synovium in the control and TMJOA groups; n = 6, bar =
400 pwm, 100 pm. The synovial structure of the control group was clear. In the TMJOA group, the synovial tissue lining cells proliferated, the
arrangement of stromal cells was disordered, the cell density increased, and inflammatory cell infiltration was observed. The percentage of 1L-6
and TNF-a positive cells in the synovial tissue of the TMJOA model group was significantly higher than that of the control group. b: quantitative
analysis of the synovitis scores based on HE staining images ; ¢ — d: quantitative analysis of the IL-6 and TNF-a positive cell rate, respectively.
e: ELISA detection of sSDC4 in rat TMJ synovial fluid, n = 6; TMJOA group: a single dose of MIA (50 L, 4 mg/mL) was injected into the bi-
lateral superior joint space in rats; control group: a single dose of PBS (50 pL) was injected into the bilateral superior joint space in rats. HE:
hematoxylin-eosin; TMJ: temporomandibular joint; IL-6: interleukin-6; TNF-a: tumor necrosis factor-a; sSDC4: shed syndecan-4; TMJOA :
temporomandibular joint osteoarthritis ; MIA : monosodium iodoacetate
Figure 2 Changes in synovial inflammation and the level of sSDC4 in the synovial fluid of an MIA-induced TMJOA rat model
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a: HE, SO, and Col- Il immunohistochemical staining images of cartilage tissue from the left TMJ in rats in the control and His-SDC4 groups (n =

6). b: quantitative analysis results of the middle zone thickness, SO area, and Col- I -positive area of the condylar cartilage based on HE, SO, and

Col-II stained sections. The results of HE staining showed that, compared with the control group, the number of condylar chondrocytes in the His-

SDC4 group decreased, the cell density decreased, and the arrangement of cells at all levels was disordered. The condylar cartilage in the His-

SDC4 group was significantly thinner than that in the control group. The results of SO staining showed that the proteoglycans in the condylar carti-

lage of the His-SDC4 group were unevenly distributed, and the positive area of SO staining was significantly smaller than that of the control group.

The results of immunohistochemical staining showed that the proportion of the positive area of Col-II immunohistochemical staining in the His-

SDC4 group was significantly smaller than that in control group. Rats in the His-SDC4 group received bilateral intra-articular injections of His-

SDC4 protein (50 L, 100 ng/mL) into the superior joint space once every 3 days for 28 days; the control group received an equivalent volume of

PBS on the same schedule. The rats in the His-SDC4 group exhibited a marked thinning of the cartilage middle zone, along with a decrease in the

SO and Col- Il -positive area ratios. HE: hematoxylin-eosin; SO: Safranin O-fast green; Col- Il : type Il collagen; TMJ: temporomandibular joint;

His-SDC4: His-tagged syndecan-4

Figure 3 Degree of degeneration in the condylar cartilage of temporomandibular joints in rats after His-SDC4 intervention
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(Y]
1
Percentage of 1L-6
positive cell (%)

Percentage of TNF-a
positive cell (%)

Synovitis score based on
HE staining images

a: HE and immunohistochemical staining images (IL-6, TNF-a) of the left TMJ synovium from the control and His-SDC4 groups (n = 6); bar = 400
pm, 100 wm; b: quantitative analysis of the synovitis scores, IL-6 positive cell rate, and TNF-a positive cell rate. In the His-SDC4 group, synovial
tissue lining cells proliferated, stromal cells were disordered, cell density increased, inflammatory cell infiltration was observed, and the synovitis
score increased. The percentage of IL-6 and TNF-a positive cells in the synovial tissue of His-SDC4 group was significantly higher than that in the
control group. Rats in the His-SDC4 group received bilateral intra-articular injections of His-SDC4 protein (50 L, 100 ng/mL) into the superior
joint space once every 3 days for 28 days; the control group received an equivalent volume of PBS on the same schedule. In the His-SDC4 group,
hyperplasia was observed in the lining cells of the synovial tissue, along with disordered arrangement and increased density of stromal cells, and
partial inflammatory cell infiltration. Correspondingly, the synovitis scores were elevated, and the positive cell rates of 1L-6 and TNF-a also in-
creased. HE: hematoxylin-eosin; TMJ: temporomandibular joint; IL-6: interleukin-6; TNF-a: tumor necrosis factor-a. His-SDC4: His-tagged synde-
can-4
Figure 4 Degree of synovitis in temporomandibular joints in rats after His-SDC4 intervention
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2.3 sSDCA *FiF J5L pR, 41 4 4m e, Fo 2% R 20 el 0 2m iR,
FHMfom oS FRE

CCK-8 S50 45 5 1 /R , 10 ng/mL His-SDC4 &b F
VR TS 2T 4 40 O, 24 b 40 G B N5 (1=5.186 , P
<0.001) , 48 h 4 g 1 1 5 X B4 AH L 25 % JE S it
27 X (1=0.240, P=0.82) (4] 5a) . Je2¢ W T
WL 1] U235 X JECZEL (%) 1 5 1l 2T 4 440 i 522 i AR 1
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a: viability of fibroblast-like synoviocytes treated with His-SDC4 at various time points (24, 48 h), n = 5; b: morphology of fibroblast-like synovio-
cytes treated with His-SDC4 at different time points (24, 48 h); c: viability of chondrocytes treated with His-SDC4 at various time points (24, 48 h),
n = 5. d: morphology of chondrocytes treated with His-SDC4 at different time points (24, 48 h). The 24 h, 10 ng/mL and 48 h, 10 ng/mL groups
were cultured in a medium containing 10 ng/mL of His-SDC4 for 24 and 48 h, respectively; the 24 h, 0 ng/mL and 48h, 0 ng/mL control groups
were maintained in a His-SDC4-free medium for the corresponding durations. Treatment with His-SDC4 for 24 h induced a transient increase in
the density of synovial fibroblasts, which returned to control levels by 48 h. In contrast, chondrocyte density remained stable at both time points,
showing no significant difference compared to the control group. His-SDC4: His-tagged syndecan-4

Figure 5 Cytotoxicity assessment of His-SDC4 and morphological analysis by light microscopy
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a: relative mRNA expression levels of IL-6 and TNF-a in rat fibroblast-like synoviocytes after stimulation with His-SDC4. b: relative mRNA ex-

pression levels of TNF-a and IL-6 in rat condylar chondrocytes after stimulation with His-SDC4. Gene expression was quantified by qPCR and nor-

malized to GAPDH. n = 3. c: levels of IL-6 and TNF-a (pg/mL) in the culture supernatant of rat fibroblast-like synoviocytes after stimulation with

His-SDC4. d: levels of IL-6 and TNF-a (pg/mL) in the culture supernatant of rat condylar chondrocytes after stimulation with His-SDC4. n = 3.

Cells in the His-SDC4 group were treated with a medium containing 10 ng/mL of His-SDC4 for 24 h, while the control group was cultured in a

regular medium for the same duration. Stimulation with His-SDC4 resulted in significantly increased mRNA levels of 1L-6 and TNF-a in both

fibroblast-like synoviocytes and condylar chondrocytes, as well as enhanced secretion of these cytokines into the culture supernatant. IL-6: interleu-

kin-6; TNF-a: tumor necrosis factor-a; His-SDC4: His-tagged syndecan-4; qPCR: quantitative polymerase chain reaction

Figure 6 Changes in IL-6 and TNF-a expression in fibroblast-like synoviocytes and chondrocytes after His-SDC4 intervention
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