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Dihydrotestosterone and
17pB-estradiol modulate TMJ
osteoarthritis development and
reveal sex-specific differences in
pathogenesis

Takuma Tomura?, Takenobu Ishii**?, Norio Kasahara? & Yasushi Nishii*

To investigate the effects and mechanisms of dihydrotestosterone (DHT) and 17B-estradiol on
temporomandibular joint osteoarthritis (TMJ-OA) to understand sex differences and apply findings

to TMJ-OA prevention and treatment. Ten-week-old male C57BL/6J mice were divided into six groups
to study the effects of mechanical stress (MS), aromatase inhibitors (Ai), orchiectomy (ORX), and
17B-estradiol supplementation on TMJ-OA. Interventions included mechanical stress induction and
hormone manipulations. Analyses included serum hormone levels, micro-CT, histomorphometry,
immunohistochemistry, RT-qPCR for gene expression, and statistical evaluations. ORX and Ai-
induced reductions in DHT and 17B-estradiol caused bone loss, including decreased BV/TV and
trabecular thickness, and increased trabecular spacing. MS further reduced cartilage thickness,
Safranin O-positive areas, and increased osteoclast counts. Matrix metalloproteinase-13(MMP13) and
a disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS5) levels were highest

in MS +Ai and MS +Ai + ORX groups. In contrast, 17B-estradiol supplementation restored cartilage
thickness, reduced osteoclast activity, suppressed inflammatory markers (NFkB, Gremlin 1, RelA), and
increased BMP7 expression. The lower incidence of TMJ-OA in males may result from testosterone and
DHT being converted to 17B-estradiol by adrenal aromatase, mitigating mechanical stress effects and
protecting the temporomandibular joint via the Gremlin-1-NF-kB pathway.

Keywords Temporomandibular joint, Osteoarthritis, 178-Estradiol, Dihydrotestosterone, Aromatase,
Mechanical stress

Temporomandibular joint osteoarthritis (TMJ-OA) is a progressive disorder characterized by degenerative
changes primarily affecting the articular cartilage, articular disc, synovium, mandibular condyle, and glenoid
fossa. Pathological changes include cartilage destruction, granulation tissue formation, bone resorption, and
apposition' . Clinically, TMJ-OA presents with symptoms such as joint sounds, jaw movement disorders, and
pain around the temporomandibular joint. Non-reducible anterior disc displacement is commonly observed,
often leading to perforation or rupture of the disc as the condition progresses. Advanced TMJ-OA results
in deformation of the mandibular condyle, glenoid fossa, or articular eminence due to bone resorption and
apposition, causing posterior and downward rotation of the mandible, anterior open bite, and skeletal maxillary
protrusion*. While TMJ-OA affects both sexes, studies on males are limited due to its lower prevalence compared
to females®.

Risk factors for TMJ-OA include excessive mechanical stress (MS), hormonal factors, aging, and systemic
diseases. Excessive MS reduces cartilage layers, induces vascular endothelial growth factor (VEGF), and activates
hypoxia-inducible factor-1 (HIF-1), leading to increased angiogenesis and osteoclast activity>®. Hormonal
abnormalities are another critical factor®. In females, gonadotropin-releasing hormone (GnRH) secreted from
the hypothalamus stimulates the pituitary gland to release follicle-stimulating hormone (FSH) and luteinizing
hormone (LH), which, in turn, stimulate the ovaries to produce estrogen and progesterone. Although this system
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is typically regulated by feedback mechanisms, conditions such as menstrual irregularities or menopause reduce
the production of 17p-estradiol, increasing the risk of osteoporosis and potentially contributing to TMJ-OA3>%10,

In males, sex hormones are primarily derived from cholesterol, converted into dehydroepiandrosterone
(DHEA), and subsequently into testosterone. Testosterone is further metabolized into dihydrotestosterone
(DHT) by 5-alpha reductase or into 17p-estradiol by aromatase. Studies have shown that 17f3-estradiol protects
against cartilage destruction in inflammatory-induced knee joints in male mice!!'2. TMJ-OA is more prevalent
in females than males, with a reported ratio of 3:1°. Hormonal stability differences may explain this disparity, as
the incidence of hypogonadism in males aged 20-29 is approximately 5%, whereas menstrual irregularities are
reported in 80.7% of females with an average age of 20.9 years*. Moreover, the age-related decline in DHT and
17p-estradiol occurs more slowly in males than females, potentially influencing the lower TMJ-OA prevalence
in males'®. However, the detailed relationship between TMJ-OA and sex hormone metabolites remains unclear.

This study aims to elucidate the reasons behind the lower incidence of TMJ-OA in males compared to
females and explore the effects and mechanisms of DHT and 17p-estradiol on TMJ-OA to apply these findings
to its prevention and treatment.

Results

Development of the TMJ-OA model and systemic effects of sex hormones

The experiment was initiated simultaneously for all groups. Orchiectomy (ORX) was performed in the ORX
group to reduce DHT levels through gonadectomy'*!°. After a 3-week recovery period post-ORX, aromatase
inhibitors were administered intraperitoneally in the Ai group using an ALZET pump'®. Four weeks after the
experiment began, excessive mechanical stress (MS) was applied to the MS group by fixing a metal plate at
a 45-degree incline on the maxillary incisors using composite resin to induce posterior displacement of the
mandible during occlusion (Fig. 1a, b). The effects of ORX and aromatase inhibitors were assessed by evaluating
serum hormone levels. Mice treated with aromatase inhibitors showed significantly reduced levels of 17p-

estradiol compared to untreated mice. In the ORX group, although no significant changes in testosterone
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Fig. 1. Experimental design and systemic effects of hormone manipulation. (a) Experimental protocol:
10-week-old mice were divided into seven groups (control, MS, Ai, MS + Ai, ORX, MS + ORX and MS + Ai
+ORX). Orchiectomy (ORX) was performed at the beginning of the experiment, and after a 3-week healing
period, aromatase inhibitors (Ai) were implanted intraperitoneally in the ALZET pump for the ORX group.
Four weeks after the start of the experiment, a metal plate was placed in the group subjected to mechanical
stress (MS) on the TM]J. Nine weeks after the start of the experiment, the animals were slaughtered and

the samples were collected. (b) Apparatus: A metal plate with a base thickness of 2 mm was attached to the
posterior surface of the maxillary portal teeth with composite resin to induce an unbalanced occlusion. (c)
Measurement of dihydrotestosterone and 17f3-estradiol levels in serum using ELISA. *P < 0.033, **P< 0.002,
***P< 0.001, ns =no significance. (d)(e) The results of femoral bone structure analysis in the seven groups are
shown. Tb.Th (trabecular thickness), Tb.N (number of trabeculae), Tb.S (trabecular separation), and Tb.Sp
(trabecular spacing) were measured. ***P< 0.001, ns = no significance.
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levels were observed, 17p-estradiol levels significantly decreased along with a reduction in testosterone levels
compared to untreated mice. The amount of 17p-estradiol was significantly lower in the Ai group compared
to the ORX group, while testosterone levels significantly decreased in the ORX group (Fig. 1c). Bone structure
analysis of the femur revealed that groups treated with aromatase inhibitors and ORX exhibited reduced BV/TV
(%), trabecular number (1/mm), and trabecular thickness (um), along with increased trabecular spacing (um)
compared to the control group (Fig. 1d, e).

TMJ-OA induced by DHT reduction and excessive mechanical stress

Paraffin sections of the mandibular condyles from mice were stained with H&E to evaluate cartilage thickness.
Groups subjected to mechanical stress (MS group and MS + ORX group) showed a significant reduction in
cartilage thickness compared to the control group. Safranin O staining revealed a significant decrease in Safranin
O-positive areas and a significant increase in modified Mankin scores in the MS and MS + ORX groups (Fig. 2a,
b). TRAP staining was performed to quantify the number of osteoclasts in the mineralized bone layer beneath
the cartilage. The osteoclast counts significantly increased in all experimental groups compared to the control
group, with the MS + ORX group showing approximately a threefold increase in osteoclast numbers compared
to the control group. Additionally, Safranin O staining confirmed a significant reduction in Safranin O-positive
areas and an increase in modified Mankin scores in the MS and MS + ORX groups (Fig. 2a, b). Furthermore,
strong expression of Matrix metalloproteinase-13 (MMP13) and A disintegrin and metalloproteinase with
thrombospondin motifs 5 (ADAMTS5) was observed in the mineralized bone layer beneath the cartilage in both
the MS and MS + ORX groups (Fig. 2¢). In the semi-quantitative analysis of MMP13 and ADAMTSS5 expression,
the ORX group showed a significant increase compared to the control group. Furthermore, the MS group
exhibited significantly higher expression levels than the ORX group. Notably, the combination of mechanical
stress and orchiectomy further enhanced the expression, with the MS + ORX group showing significantly higher
levels of MMP13 and ADAMTS5 compared to the MS group (Fig. 2d).

TMJ-OA induced by 173-estradiol reduction and excessive mechanical stress

Paraffin sections of the mandibular condyles from mice were stained with H&E to evaluate cartilage thickness.
Groups exposed to excessive mechanical stress (MS group and MS + Ai group) showed a significant reduction in
cartilage thickness compared to the control group. Safranin O staining revealed a significant decrease in Safranin
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Fig. 2. Effects of DHT reduction and mechanical stress on TM]J cartilage. (a) Histochemical staining of
the mandibular head of a male mouse is shown. Cartilage thickness was confirmed by H-E staining (scale
bar =100 pm). Positive areas were measured by safranin-O staining (scale bar = 100 um). The number of
osteoclasts per mm? was measured by TRAP staining (scale bar = 100 um).(b) Cartilage thickness measured on
H-E stained sections. Proteoglycan area in Safranin-O stained sections. mean number of osteoclasts per mm?
(N> 3 nuclei) in TRAP stained sections. Results of the Modified Mankin score for OA severity assessment. (c)
Immunohistochemical staining of the mouse mandibular head for MMP13 (scale bar =100 pm; MMP13: red,
nuclei: blue) and ADAMTSS5 (scale bar =100 um; ADAMTS5: red, nuclei: blue). (d) Semi-quantitative analysis
of MMP13 and ADAMTS5 expression comparing the control, MS, ORX, and MS + ORX groups. *P< 0.033,
**P<0.002, ***P< 0.001, ns =no significance.
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O positive areas and an increase in modified Mankin scores in the MS and MS + Ai groups. TRAP staining was
performed to quantify the number of osteoclasts in the mineralized bone layer beneath the cartilage. Osteoclast
counts were significantly higher in all experimental groups compared to the control group, with the MS + Ai
group showing approximately a threefold increase in osteoclast numbers compared to the control group (Fig. 3a,
b). In addition, MMP13 and ADAMTS5, key enzymes involved in cartilage destruction in TM] osteoarthritis,
were strongly expressed in the mineralized bone layer beneath the cartilage in both MS and MS + Ai groups.
In the MS + Ai group, strong expression of these enzymes was also observed in the cartilage layer (Fig. 3c). In
the semi-quantitative analysis of MMP13 and ADAMTS5 expression, no significant difference was observed
between the control and Ai groups. However, the expression levels were significantly elevated when mechanical
stress was applied. Notably, the combination of mechanical stress and aromatase inhibitor treatment resulted in
a marked increase in the expression of both enzymes (Fig. 3d).

TMJ-OA induced by reduction of 17B-estradiol and DHT combined with excessive mechanical
stress

Paraffin sections of the mandibular condyles from mice were stained with H&E to evaluate cartilage thickness.
In the MS + Ai + ORX group, cartilage thickness was significantly reduced compared to all other groups, and
the MS + Ai group also showed a significant reduction compared to the MS + ORX group. Safranin O staining
revealed significant decreases in Safranin O-positive areas and increases in modified Mankin scores in the MS
+Ai, MS +ORX, and MS +Ai +ORX groups. To quantify osteoclast numbers in the mineralized bone layer
beneath the cartilage, TRAP staining was performed, and the number of osteoclasts per square millimeter was
counted. All experimental groups showed significant increases in osteoclast numbers compared to the control
group, with the MS + Ai + ORX group exhibiting a fourfold increase compared to the control group. Additionally,
the MS + ORX group showed significantly fewer osteoclasts compared to the MS + Ai group (Fig. 4a, b). In the
group subjected to mechanical stress (MS), strong expression of MMP13 and ADAMTS5 was observed in both
the mineralized layer of the subchondral bone and the chondrocyte layer. Furthermore, in the group treated with
both aromatase inhibitors and orchiectomy (MS + Ai + ORX), expression of MMP13 and ADAMTSS5 extended
to the superficial layer of the cartilage (Fig. 4c). In the semi-quantitative analysis of MMP13 and ADAMTS5
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Fig. 3. Impact of 17f-estradiol deficiency on TM] degeneration under mechanical stress. (a) Histochemical
staining of the mandibular head of a male mouse is shown. Cartilage thickness was confirmed by H-E staining
(scale bar =100 pm). Positive areas were measured by safranin-O staining (scale bar =100 pm). The number of
osteoclasts per mm? was measured by TRAP staining (scale bar =100 pm).(b) Cartilage thickness measured on
H-E stained sections. Proteoglycan area in Safranin-O stained sections. mean number of osteoclasts per mm?
(N> 3 nuclei) in TRAP stained sections. Results of the Modified Mankin score for OA severity assessment.
**P<0.002, ***P< 0.001, ns =no significance. (c) Immunohistochemical staining of the mouse mandibular
head for MMP13 (scale bar = 100 pum; MMP13: red, nuclei: blue) and ADAMTS5 (scale bar =100 pm;
ADAMTSS5: red, nuclei: blue). ADMTS5 were clearly expressed in the subchondral bone in MS and MS + ORX
group. (d) Semi-quantitative analysis of MMP13 and ADAMTS5 expression comparing the control, MS, Ai,
and MS + Ai groups. *P< 0.033, **P< 0.002, ***P< 0.001, ns = no significance.
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Fig. 4. Combined effects of DHT and 17B-estradiol deficiency with mechanical stress. (a) Histochemical
staining of the mandibular head of a male mouse is shown. Cartilage thickness was confirmed by H-E staining
(scale bar =100 pum). Positive areas were measured by safranin-O staining (scale bar =100 pm). The number of
osteoclasts per mm? was measured by TRAP staining (scale bar = 100 um).(b) Cartilage thickness measured on
H-E stained sections. Proteoglycan area in Safranin-O stained sections. mean number of osteoclasts per mm2
(N> 3 nuclei) in TRAP stained sections. Results of the Modified Mankin score for OA severity assessment.
*P<0.033, **P< 0.002, ¥**P< 0.001, ns =no significance. (c) Immunohistochemical staining of the mouse
mandibular head for MMP13 (scale bar =100 um; MMP13: red, nuclei: blue) and ADAMTSS5 (scale bar =100
pum; ADAMTSS: red, nuclei: blue). ADMTS5 were clearly expressed in the subchondral bone in MS, MS + Ai,
MS + ORX and MS + ORX + Ai group. (d) Semi-quantitative analysis of MMP13 and ADAMTS5 expression
comparing the control, MS, MS + Ai, MS + ORX, and MS + ORX + Ai groups. *P< 0.033, **P< 0.002, ***P <
0.001, ns =no significance.

expression, a significant increase was observed in the mechanical stress groups compared to the control group.
Comparison between the MS and MS + Ai groups revealed that aromatase inhibitor treatment significantly
enhanced the expression of both enzymes. Notably, in the MS + Ai + ORX group, the expression levels were
markedly elevated (Fig. 4d).

Effects of 17B-estradiol supplementation on TMJ-OA

In this experiment, comparative analyses were conducted among the 17p-estradiol supplementation group (E2
+group) and the non-supplemented group (E2 —group), both following MS + ORX + Ai, as well as the control
group.

Paraffin sections of the mandibular condyles from mice were stained with H&E to evaluate cartilage
thickness. The 17p-estradiol supplementation (E2+) group showed a significant increase in cartilage thickness
compared to the without 17-estradiol supplementation (E2-) group. However, cartilage thickness and the area
of Safranin O-positive staining remained lower than those observed in the control group. Although the modified
Mankin score was significantly decreased in the E2 + group compared to the E2 —group, it did not return to the
level observed in the control group. However, the thickness remained lower than that observed in the control
group. In the evaluation of osteoclast numbers by TRAP staining, the E2 — group showed a significant increase
in osteoclast numbers compared to the control group. However, no significant difference was observed between
the E2 +and E2 — groups (Fig. 5a, b). Additionally, the expression of MMP13 and ADAMTSS5, enzymes involved
in cartilage destruction, was weaker in the E2 + group than in the E2 — group, while no significant difference was
observed between the E2 +and Control groups. Furthermore, the expression of MMP13 and ADAMTSS5, which
are involved in tissue degradation, was attenuated in the E2 + group compared to the E2 —group. However, in
comparison to the control group, their expression was still observed around the blood vessels in the subchondral
bone (Fig. 5¢). In the semi-quantitative analysis, the E2 + group showed a significant reduction in MMP13 and
ADAMTSS5 expression compared to the E2 — group; however, the levels did not return to those observed in the
control group (Fig. 5d). PCR analysis of TMJ-OA markers showed significant increases in mRNA expression
of NFxB, Gremlin 1, and Rela in the MS group compared to the control group. These increases were more
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Fig. 5. Protective role of 17p-estradiol supplementation in TMJ-OA. Histochemical staining of the mandibular
head of male mice is shown as control, E2— (MS + ORX + Ai) and E2+ (MS + ORX + Ai + E2). Cartilage
thickness was confirmed by H-E staining (scale bar =100 um). Positive areas were measured by safranin-O
staining (scale bar =100 um). The number of osteoclasts per mm? was measured by TRAP staining (scale

bar =100 pm).(b) Cartilage thickness measured in H-E stained sections, proteoglycan area in Safranin-O
stained sections was thicker with E2 + than E2—; average number of osteoclasts per mm? (N> 3 nuclei) in
TRAP stained sections was reduced with E2 + Modified for OA severity assessment Mankin score for assessing
OA severity was greater with E2+. **P< 0.002, ***P < 0.001, ns =no significance. (c) Immunohistochemical
staining of MMP13 (scale bar =100 pm; MMP13: red, nuclei: blue) and ADAMTS5 (scale bar =100 pm;
ADAMTSS5: red, nuclei: blue) in the mouse mandible head showed that expression was suppressed by E2+.

(d) Semi-quantitative analysis of MMP13 and ADAMTS5 expression comparing the control, E2 +and E2
—groups. *P< 0.033, **P< 0.002, ***P< 0.001, ns = no significance. (e) Quantitative evaluation of NFxf3, BMP7,
Gremlinl, and Rela, mRNAs involved in TMJ-OA deterioration, by RT-qPCR. Bars indicate each mRNA level
relative to GAPDH mRNA level (n= 5) Data are shown as mean +SD. *P< 0.033, **P< 0.002, **P< 0.001, ns
=no significance.

pronounced in the MS + ORX group and reached their highest levels in the MS + ORX + Ai group. In contrast,
BMP7 mRNA expression did not show significant differences among the control, MS, MS +ORX, and MS
+ORX + Ai groups. Notably, in the MS + ORX + Ai +E2 group, the mRNA levels of NFxB, Gremlin 1, and Rela
were comparable to the control group. Furthermore, BMP7 mRNA expression in the MS + ORX + Ai + E2 group
was significantly upregulated compared to all other groups (Fig. 5e).

Discussion

The core of this study lies in elucidating the sex-based differences in the pathogenesis of TMJ-OA
(temporomandibular joint osteoarthritis). Previous studies have shown that decreased 17f-estradiol levels
due to ovariectomy (OVX) in female mice contribute to the progression of TMJ-OA>!°. This study focused on
male mice to examine the effects of 17B-estradiol and dihydrotestosterone (DHT) on the etiology of TMJ-OA®.
Aromatase, an enzyme secreted by adipocytes, converts testosterone and DHT into 17f-estradiol. Aromatase
inhibition prevents this conversion!®-!8. In this study, administration of an aromatase inhibitor resulted in
thinning of mandibular condylar cartilage and increased expression of MMP13 (matrix metalloproteinase-13)
and ADAMTS?5 (a disintegrin and metalloproteinase with thrombospondin motifs 5). These findings suggest that
reduced 17B-estradiol levels compromise cartilage protection, accelerating TMJ-OA progression. Additionally,
DHT reduction due to orchiectomy (ORX) promoted cartilage destruction through decreased chondrocyte
numbers and increased osteoclast activity in the subchondral bone.

In this study, it was confirmed that under excessive mechanical stress (MS), the group treated with aromatase
inhibitors exhibited more severe TMJ-OA compared to the orchiectomy (ORX) group. This suggests that a
reduction in serum 17B-estradiol levels has a greater impact on cartilage destruction in the temporomandibular
joint than a reduction in DHT levels. Furthermore, in the group receiving both aromatase inhibitors and
orchiectomy (Ai + ORX group), both 17p-estradiol and DHT levels were decreased, resulting in a significant
reduction in cartilage thickness and Safranin O-positive areas. In this group, the expression of MMP13 and
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ADAMTS5 was strongly elevated, indicating accelerated degradation of type II collagen and aggrecan, and the
progression of cartilage destruction was faster than in other groups. Additionally, the increase in osteoclast
numbers was pronounced, leading to progressive bone destruction, findings consistent with previous reports
involving extensive inhibition of 17B-estradiol>!%1%20,

In the present study, particularly in the groups subjected to mechanical stress, MMP13 and ADAMTS5
expression was detected not only in the chondrocyte layer but also in the perivascular regions of the subchondral
bone. Although these matrix-degrading enzymes are predominantly considered to be chondrocyte-derived,
previous reports have demonstrated their expression in other cell types, including fibroblasts, synoviocytes,
macrophages, and vascular smooth muscle cells, especially under inflammatory or remodeling conditions?!?2.
These observations suggest that mechanical stress may stimulate the secretion of MMP13 and ADAMTSS5 from
perivascular cells in the subchondral bone, thereby exacerbating temporomandibular joint degeneration.

In contrast, the E2 + group, which received 17p-estradiol supplementation, showed a significant increase in
cartilage thickness and Safranin O-positive areas, along with a reduction in modified Mankin scores, confirming
the suppressive effects of 17B-estradiol on cartilage destruction. These findings align with previous reports
suggesting that 17B-estradiol plays a critical role in maintaining cartilage homeostasis and preventing cartilage
degradationlo’B. However, no significant differences in osteoclast numbers were observed, consistent with
earlier studies indicating that 17f-estradiol primarily acts on early osteoclast precursors rather than mature
osteoclasts®>. DHT also plays a role in regulating chondrocyte numbers via growth hormone and insulin-like
growth factor 1 (IGF-1)*#2. Reduced DHT levels may contribute to cartilage destruction through decreased
chondrocyte numbers and increased osteoclast activity in the subchondral bone. Increased VEGF (vascular
endothelial growth factor) expression was observed, which is known to enhance MMP expression while
suppressing TIMP (tissue inhibitor of metalloproteinases) expression, disrupting the balance of extracellular
matrix remodeling and promoting cartilage destruction'®. VEGF also induces endothelial cells and osteoclasts,
exacerbating subchondral bone destruction®. Consistent with these findings, this study observed thinning of
cartilage and reduced cell density under MS. This aligns with reports that MS induces endoplasmic reticulum
stress in chondrocytes, leading to cell death!e.

This study demonstrated that 17B-estradiol and DHT exert protective effects against TMJ-OA through
distinct pathways. 17p-estradiol is essential for maintaining cartilage homeostasis and contributes to cartilage
repair via estrogen receptors (ERa and ERB)?%. DHT, on the other hand, influences chondrocyte numbers and
bone metabolism, playing a crucial role in maintaining subchondral bone integrity. These findings advance our
understanding of the sex-based mechanisms underlying TMJ-OA and highlight the potential for hormone-
based therapeutic strategies. In this study, TMJ-OA was induced in 10-week-old male mice, and specimens
were obtained at 19 weeks of age, which corresponds to early adulthood in the mouse lifespan. According to
prior reports, this age range is equivalent to the human age range of approximately 20-30 years. During this
developmental stage, sex hormone levels in humans begin to diverge significantly between males and females.
Notably, the incidence of temporomandibular joint disorders has been reported to increase in females starting
from the second and third decades of life, particularly under conditions such as menstrual irregularities or
estrogen deficiency. These clinical trends support the translational relevance of our mouse model for studying
sex differences in TMJ-OA pathogenesis'>. E2 +was shown to prevent these detrimental effects. However,
further understanding of how E2 exerts its protective effects on the temporomandibular joint is crucial for
future treatments. Excessive mechanical stress has been reported to promote osteoarthritis via the gremlin 1-NF-
kB pathway®®. Gremlin 1 activates NF-xB signaling, leading to the induction of degradative enzymes such as
MMP13 and ADAMTS5%28. Gremlin 1 is a well-known secreted BMP antagonist that regulates the development
of limbs, lungs, kidneys, and retinas by inhibiting BMP signaling?®-3!. Gremlin 1 strongly inhibits BMP 2, BMP
4, and BMP 7 by forming heterodimers with them2. BMP 7 is highly expressed in the proliferative zone of
cartilage and is implicated in hypertrophic differentiation, which contributes to OA development®*. In addition
to BMP inhibition, Gremlin 1 affects cellular functions through BMP-independent mechanisms. For instance,
VEGFR2 has been identified as a novel receptor for Gremlin 1, and the Gremlin 1-VEGFR2 pathway exhibits pro-
inflammatory effects via NF-«B activation*%. In OA, Gremlin 1’ regulation of cartilage degradation involves
the Rac1-ROS-NF-«B pathway, which enhances transcription factors such as NF-«B, HIF-1a, c-Jun, and Nrf2%".
Among these factors, RelA has been reported to strongly induce Gremlin 1 expression?. Studies on E2 in lung
and breast cancer suggest that E2 suppresses Gremlin 1 expression®**°. Based on these findings, this study
evaluated mRNA expression levels of NF-xB, BMP 7, Gremlin-1, and RelA to elucidate the protective effects of
E2 on the temporomandibular joint. The results demonstrated that E2 supplementation suppressed Gremlin 1,
NF-xB, and RelA expression while enhancing BMP 7 expression. These findings suggest that E2 protects the
temporomandibular joint from excessive mechanical stress by inhibiting the Gremlin 1-NF-kB pathway via
estrogen ERa signaling.

Conclusion

The lower incidence of TMJ-OA in males compared to females may be attributed to the continuous conversion
of testosterone and DHT into 17B-estradiol by adrenal aromatase. This process provides protection to the
temporomandibular joint against excessive mechanical stress via the Gremlin 1-NF-xB pathway. This mechanism
differs from the pathway in females, who are prone to TMJ-OA due to menopause or hormonal deficiencies,
and may explain why males are less likely to develop TMJ-OA even at older ages. These findings highlight the
importance of 17f3-estradiol in the treatment and prevention of TMJ-OA regardless of sex.
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Materials and methods

Mice

A total of 90 male C57BL/6 ] mice, aged 10 weeks, were obtained from Sankyo Lab Service (Tokyo, Japan)
and used in the study. 10-week-old male mice were divided into six groups (n= 15 for each group: n= 5 for
Histology/micro-CT, n= 5 for RT-qPCR and for ELISA, n= 5): a control group without mechanical stress
(control group), a group treated with aromatase inhibitors (Ai group), a group treated with orchiectomy (ORX
group), a group treated with aromatase inhibitors and ORX (Ai + ORX group), and groups treated with 17p-
estradiol daily (E2 +group) and saline daily (E2 —group) along with Ai + ORX for the experimental protocol
(Fig. 1a). All mouse breeding and animal experiments were carried out at the animal facilities of Tokyo Dental
College (Tokyo, Japan) with the approval of the Institutional Animal Care and Use Committee of Tokyo Dental
College (approval number: 223102, 233106, 233107, 243105, 243106,). Also, mouse studies were performed
following the protocol in ARRIVE 2.0 guidelines. All mice were maintained in each cage in our animal facilities
and housed in temperature-controlled room at 23°C under controlled-light/dark cycle. Hard pellets and water
were provided for ad libitum consumption.

Orchiectomy (ORX) was performed on the mice under general anesthesia by intraperitoneal administration
of a combination of three anesthetics (medetomidine hydrochloride, 0.75 mg/kg, Nippon Zenyaku Kogyo Co.,
Ltd., Fukushima, Japan; midazolam, 4.0 mg/kg, Sand Co., Tokyo, Japan; but or fartartrate, 5.0 mg/kg, Meiji Seika
Pharma Stocks Co., Tokyo, Japan). ORX was intended to lower DHT. Sham operations were performed on all
groups without ORX. The ALZET pump’ (Model No.2004, Muromachi Machinery Co., Ltd., Tokyo, Japan) was
filled with 200 pl of an aromatase inhibitor (Letrozole, Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan) dissolved
in dimethyl sulfoxide and diluted with saline to a final concentration of 12.27 mM. Following intraperitoneal
implantation, the inhibitor was continuously administered at a rate of 0.25 pl/hour for 28 days (16). Aromatase
inhibitors were administered to lower 17B-estradiol. Saline solution was administered to the group not receiving
the aromatase inhibitor using the ALZET Pump’. After a 1-week recovery period following orchiectomy,
placement of the ALZET Pump’, and sham surgery, mice were anesthetized, and a metal plate (item number:
21700BZ00197000, Tomy International Inc., Tokyo, Japan) was bonded to the posterior surface of the maxillary
portal teeth using dental composite resin to achieve a base thickness of 2 mm (Fig. 1b). Mechanical stress was
applied to the mandibular head by inducing an imbalanced occlusion. This added mechanical stress, one of the
risk factors for TMJ-OA. The dental composite resin was bonded to the posterior surface of the maxillary portal
teeth with a basal thickness of 2 mm to induce an imbalanced occlusion. The post-anesthesia control group did
not wear the appliance.

The E2 + group received daily intraperitoneal administration (i.p.) of 0.03 pg of 17p-estradiol (E8875; Sigma-
Aldrich Co., Ltd., St. Louis, Missouri, USA) in saline as a solvent, while the E2 — group received saline only (4).
Administration of E2 confirmed the effect of E2 in DHT lowering conditions.

The mice were weighed weekly to ensure that the study had no effect on body weight. Four weeks after the
start of the study, all mice were sacrificed by intraperitoneal administration of 150 mg/kg sodium pentobarbital
sodium into the abdominal cavity after induction of general anesthesia using sevoflurane inhalation.

Measurement of sex hormones in serum

All mice were fasted and given no water for 3 h before collecting blood to standardize the results. Blood was
collected using a 5 mm animal lancet (MEDI point, Mineola, NY) and a BD Microtina blood collection tube
(Becton Dickinson, Franklin Lakes, NJ). Blood was centrifuged at 13,000 rpm for 10 min, and the collected
serum was stored at —20°C. 17B-estradiol high-sensitivity ELISA kit (Enzo Biochem, Farmingdale, NY, USA),
DHT ELISA kit (BioVendor, Brno, Czech Republic) to evaluate serum E2 and DHT levels in the mice. The assay
was performed in each group (n=5).

Microcomputed tomography (micro-CT) analysis

The right femur was fixed with 4% paraformaldehyde (Wako, Osaka) for 2 days and then placed in 70% ethanol.
Micro-CT (uCT-50, Scanco Medical AG, Wangen-Briittisellen, Switzerland) was used to acquire the femur’s
three-dimensional (3D) images. Image analysis software (TRI/3D-BON; Ratoc System Engineering, Japan) was
used to perform bone structure analysis. Micro-CT images were taken with a slice width of 0.01 mm. Trabecular
parameters were analyzed in the secondary trabecular region 200 pm away from the proximal end of the femoral
proximal growth plate. Bone volume per tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular
number (Tb.N), and trabecular spacing (Tb.Spac) were measured (n=5).

Histomorphometry and immunofluorescence analysis

The mandibular head was sectioned and fixed with 4% paraformaldehyde for 2 days after removing soft tissues.
Specimens were decalcified with 10% EDTA solution (Muto Pure Chemicals, Tokyo, Japan) at 4°C for 4 weeks
and embedded in paraffin. The right TM] was sectioned vertically (5 um thick).

Cartilage thickness was analyzed from H&E-stained sections. The average thickness of cartilage at the mid-
coronal portion of the MCC was measured. Averages were calculated for each group (n=15).

TRAP staining was performed using a TRAP staining kit (Sigma-Aldrich, St. Louis, MO, USA) to evaluate
osteoclast differentiation in the subchondral bone. The total number of osteoclasts per square millimeter (mm?
was counted (n=5). TRAP-positive cells with more than three nuclei were counted as osteoclasts.

Safranin O-stained sections were used to examine changes in cartilage breakdown, amounts of proteoglycan,
and numbers of chondrocytes in the MCC. Safranin O-positive areas in MCC were determined using Image]
(National Institutes of Health, Bethesda, MD). The Safranin O-positive area (mm? at the mid-coronal portion of
the mandibular condylar head was measured, and averages were calculated for each group (n=5).

Modified Mankin scores were evaluated as previously described (n=5).
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For immunofluorescence staining, tissue sections were deparaffinized and then placed in 95 °C water
containing an Immunosaver Antigen Retriever (Electron Microscopic Stains, Hatfield, PA) for 45 min for
antigen activation.

All sections were blocked with PBS supplemented with 1% bovine serum albumin (BSA, Sigma-Aldrich)
to reduce nonspecific binding of antigens to the primary antibody. Sections were incubated with the primary
antibody (diluted in PBS supplemented with 1% BSA) according to procedures recommended by the
manufacturer, as follows: ADAMTS5 rabbit polyclonal antibody as primary antibody (ab182795, Abcam,
Cambridge, MA, USA) and MMP13 rabbit polyclonal antibody (LS-C352547, Proteintech, Chicago, IL, USA) as
primary antibodies for immunohistochemical staining.

After incubating with primary antibody overnight at 4 °C, the sections were washed three times with
PBS. Alexa Fluor 546 Donkey Anti-Rabbit IgG (A10040; Invitrogen, Carlsbad, CA) diluted 1:200 in PBS
supplemented with 1% BSA was used for secondary antibody staining. Next, sections were incubated for 2 h
with Hoechst 33,342 (Thermo Fisher Scientific, Waltham, MA, USA) to stain cell nuclei. After staining, sections
were washed three times with PBS and mounted. Images were acquired using a confocal laser microscope (LSM
880 with Airyscan, Zeiss, Oberkochen, Germany). The percentage of ADAMTS-5 and MMP13-positive areas
was measured per standardized image area using immunofluorescence staining.

The groups were separated blindly and two researchers evaluated all scores.

Reverse transcription quantitative real-time PCR (RT-qPCR) analysis

Total RNA was isolated with TriZol (Invitrogen), and the isolated mRNA was evaluated in quantity and quality
using a Nanodrop ND-100 spectrophotometer (Thermo Scientific, Waltham, MA). mRNA was converted to
cDNA using ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan). For RT-qPCR,
a reaction mixture was prepared with Thunderbird SYBR qPCR Mix (Toyobo), paired primers, and a defined
amount of template cDNA. RT-qPCR reactions were carried out using the following primer sets for GAPDH,
NFxB, BMP7, Gremlinl and Rela : GAPDH: 5- GTCTCCTCTGACTTCAACAGCG-3’ and 5’- ACCACCCTG
TTGCTGTAGCCAA -3’; NFxB: 5- TGATCCATATTTGGGAAGGCCTGA -3’ and 5’- GTATGGGCCATCT
GTTGGCAG -3’ BMP7: 5- TCCAAGACGCCAAAGAACCAAGAG -3’ and 5- CCTTCAGGTGCAATGA
TCCAGTCC -3%Gremlinl: 5- TATGAGCCGCACAGCCTA CA -3’ and 5- GCACCTTGGGACCCTTTCT
T —3%Rela: 5- TGAACCAGGGCATACCTGTG -3’ and 5- CCCCTGTCACTAGGC GAGTT -3’ RT-qPCR
was performed using a QuantStudio 7pro system (Applied Biosystems, Foster City, CA). Initial denaturation
was induced at 95 °C for 24 s, followed by 40 cycles of denaturation at 95 °C for 3 s, annealing at 60 °C for 5 s,
and elongation at 72 °C for 45 s. The relative expression ratio of markers was calculated based on the ddCt
comparative threshold cycle (CT) method. The calculated values were normalized against an internal control
(GAPDH). Five technical replicates were analyzed for RT-qPCR.

Statistical analysis

All data were statistically analyzed using GraphPad Prism 9 (MDE, Tokyo, JAPAN). Between-group comparisons
were performed with Tukey test. Comparisons with the control group was performed using Dunnett’s test.
Significant differences were indicated in accordance with APA style; a P value of 0.033 or less was considered
a significant difference. The One-way ANOVA models were tested on the assumptions of “normality” and
“homoscedasticity” The sample size was calculated with the statistical power of 80%, significance level of 5%,
and effect size of 1.8.

Data availability
All data generated or analyzed during this study are included in this published article.Furthermore, the data
availability statement has been provided in the submission system, as per the journal’s guidelines.
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