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Introduction
Degenerative disease (DD) or osteoarthritis (OA) of the tem-
poromandibular joint (TMJ) is a common clinicopathologic 
finding within a highly prevalent spectrum of ailments known 
as temporomandibular disorders. These disorders are accom-
panied by pain and limitation in jaw movements that adversely 
affect activities such as eating and speech (Scrivani et al. 2008; 
Schiffman et al. 2014). Since the etiology and pathogenesis of 
TMJ DD/OA are unknown, no effective etiology-specific ther-
apies are available. Nevertheless, their preponderance in 
women and early onset during reproductive years (Scrivani  
et al. 2008; Wang et al. 2008; Maixner et al. 2011; Murphy et al. 
2013), as opposed to similar conditions in appendicular joints 
that primarily afflict postmenopausal women, have implicated 
the role of female sex hormones, particularly 17-β estradiol 
(E2), in targeted TMJ DD/OA in this cohort of subjects (Landi 
et al. 2005; Maixner et al. 2011). Several findings provide sup-
port for this postulate. First, elevated serum E2 levels have 
been found in young female subjects with TMJ symptoms as 
compared with age-matched asymptomatic controls (Landi  
et al. 2004, 2005). Similarly, men with TMJ DD/OA have sig-
nificantly higher systemic E2 levels than asymptomatic con-
trols (Landi et al. 2005). Second, estrogen receptors (ERs) 
have been localized to the human TMJ (Abubaker et al. 1993) 

and are more highly expressed in female than male TMJ fibro-
cartilages (Milam et al. 1987; Wang et al. 2009). Third, ERα 
polymorphisms that enhance ERα levels are associated with 
the prevalence and severity of TMJ DD/OA (Lee et al. 2006; 
Kang et al. 2007; Ribeiro-Dasilva et al. 2009; Stemig et al. 
2015), indicating that signaling initiated by E2 may contribute 
to the pathogenesis of TMJ DD/OA. Finally, systemic admin-
istration of E2 aggravates monosodium iodoacetate-induced 
rat TMJ DD/OA (Wang et al. 2013). Despite these findings, a 
conclusive association between E2 and TMJ degeneration has 
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Abstract
The preponderance of temporomandibular joint (TMJ) degenerative disorders in women and their early onset during reproductive 
years have implicated female sex hormones, particularly 17-β estradiol (E2), in the pathogenesis of these disorders. Nevertheless, the 
mechanisms by which E2 contributes to TMJ degenerative disorders and the reasons for its targeted effects on the TMJ but not other 
joints remain poorly understood. Here, we developed an ovariectomized mouse model in which systemic E2 concentrations mimicked 
those in cycling women, and we determined the effect of E2 on the targeted turnover of TMJ fibrocartilage matrix via E2-induced matrix 
metalloproteinases MMP9 and MMP13. Infusion of E2 and progesterone (P4; hormone control) over 7 d resulted in 5- and 8-fold greater 
serum E2 and P4 levels relative to controls, respectively, achieving systemic hormone levels similar to high baseline levels in cycling 
women. Administration of E2 but not P4 caused a significant loss of TMJ collagen and glycosaminoglycans, which was accompanied 
by amplification of ERα and specific increases in MMP9 and MMP13 expression. This dose of E2 had no effect on knee meniscus 
fibrocartilage, demonstrating the specificity of the degradative effect of E2. Dose-response experiments showed a greater sensitivity and 
a higher peak induction of MMP9 and MMP13 in TMJ fibrocartilaginous cells than knee meniscus cells to E2, providing an explanation 
for the differential responses of these tissues to E2. Using MMP9- and MMP13-null mice, we observed no discernible effects of each 
proteinase individually to E2-mediated TMJ matrix loss but noted a significant compensatory reciprocal induction of each MMP by E2 in 
the absence of the other. The redundancy in E2’s induction of MMP9 and MMP13 suggests that the proteinases may together contribute 
to E2-mediated TMJ fibrocartilage loss. These results advance our understanding of E2-mediated upregulation of MMP9 and MMP13 on 
fibrocartilage matrix turnover targeted to the TMJ.
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not been established, nor have the molecular mechanisms by 
which E2 mediates the onset and progression of TMJ DD/OA 
been elucidated. Also, the reasons for the specificity of these 
effects of E2 on the TMJ as opposed to that on appendicular 
joints is not known.

Cartilage or fibrocartilage degradation is the most common 
and early hallmark of DD/OA, including those of the TMJ. The 
degradation of the fibrocartilage extracellular matrix (ECM), 
which is composed primarily of type I collagen and glycosami-
noglycans (GAGs), is caused by an array of proteolytic 
enzymes, particularly matrix metalloproteinases (MMPs). 
Among the 25 members of the MMP family, MMP9 and 
MMP13 are crucial proteinases implicated in cartilaginous 
ECM degradation and are upregulated in TMJ degenerative 
disorders (Leonardi et al. 2008; Wadhwa and Kapila 2008; 
Troeberg and Nagase 2012; Loreto et al. 2013). While the con-
tribution of specific MMPs to inflammation-mediated cartilage 
degeneration is well known (Troeberg and Nagase 2012; Yang 
et al. 2013) and we have demonstrated that E2 induces MMP9 
and MMP13 in TMJ fibrocartilage cells in vitro (Ahmad et al. 
2018), the effects of E2-induced MMPs on TMJ matrix loss in 
vivo have not been investigated. The aims of our study were 1) 
to develop a mouse model for sustained delivery of E2 result-
ing in desired systemic E2 concentrations and 2) to use this 
model to decipher the effect of E2 on the specific turnover of 
TMJ fibrocartilage ECM as well as the role of E2-induced 
MMP9 and MMP13 in the targeted degradation of the TMJ. 
Our findings demonstrate that E2 but not progesterone (P4) at 
systemic concentrations similar to those found in cycling 
women contributes to a significant loss of TMJ but not knee 
meniscus (KM) fibrocartilage collagen and GAG concomitant 
to the upregulation of MMP9 and MMP13 in TMJ fibrocarti-
lage. These findings suggest the potential vulnerability of com-
promised TMJ fibrocartilaginous tissue to further degenerative 
changes during specific phases of the menstrual cycle.

Materials and Methods

Animal Procedures and Tissue GAG  
and Collagen Quantification

All procedures on 12-wk-old female wild-type (WT), MMP9-/-, 
and MMP13-/- C57BL/6J mice (Jackson Laboratory) were con-
ducted following approval from the Institutional Animal Care 
and Use Committee. Three days after bilateral ovariectomy, 
blood was collected, and the animals were allowed to equili-
brate for another 4 d when Alzet osmotic pumps (model 1007D; 
0.5 µL/h) containing 100 µL of solution to deliver 3 µg/kg/d of 
E2 (Sigma-Aldrich) or 0.15 mg/kg/d of P4 or phosphate buff-
ered saline (PBS) vehicle were subcutaneously implanted in 
the upper backs. After 7 d, blood was collected; the mice were 
euthanized; and bilateral TMJ discs and KM fibrocartilages 
were retrieved. Serum E2 and P4 concentration was measured 
with enzyme-linked immunosorbent assays (ELISAs) (Cayman 
Chemical). After the tissue was lyophilized in a SpeedVac 
(Labconco Corporation), tissue dry weight was determined 

(Hashem et al. 2006); tissues were digested with 3 mg/mL of 
pepsin (Sigma-Aldrich) in 0.5M acetic acid at 45 °C; and total 
GAG and collagen were assayed by dimethyl methylene blue 
and hydroxyproline assays, respectively.

RNA Extraction, Gene Array,  
and Real-time qRT-PCR Analysis

TMJ discs were homogenized, and total RNA was extracted 
with a Qiagen RNAeasy Mini Kit and either subjected to ECM 
RT2 Profiler PCR Array (Extracellular Matrix and Adhesion 
Molecules, 330231) as described previously (Wrighton et al. 
2014) or reverse transcribed with an Ominiscript RT Kit 
(Qiagen) with random hexamer primers for real-time qRT-PCR 
(quantitative reverse transcription polymerase chain reaction; 
PRISM 7500, Applied Biosystems). The array results were ana-
lyzed with SABiosciences data analysis software. The relative 
content of mRNA in each sample was quantified as described 
previously (Ahmad et al. 2012) with GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) used as an internal control.

Fibrochondrocyte Isolation and Culture

KM and TMJ discs were isolated from 10-wk-old female 
C57BL/6J mice, and fibrochondrocytes were isolated and cul-
tured in α-MEM supplemented with 10% fetal bovine serum 
(Ahmad et al. 2012). Approximately 70% to 80% of confluent 
passage 3 to 4 fibrochondrocytes were washed and maintained 
in phenol- and serum-free medium (α-MEM with 0.2% lactal-
bumin hydrolysate) for 4 h, washed, and incubated in fresh 
medium with 0 to 20 ng/mL of E2. Cell-conditioned media 
were collected after 48 h and concentrated with Amicon Ultra-4 
centrifugal filters (Millipore) for Western blot analyses.

Protein Assays and Western Blots

Protein concentrations in the media or TMJ disc digests was 
determined by bicinchoninic acid (BCA) assay. Western blot 
was performed with anti-MMP13 antibody (ab51072) and anti-
MMP9 antibody (228402) as described previously (Ahmad  
et al. 2018). The blots were reprobed with anti-actin for the 
tissue digests and anti-MMP2 (ab37150) antibody for the 
media, which were used as internal controls.

Statistical Analysis

Descriptive data were extracted as mean ± SD collagen or 
GAG content (µg/mg dry weight) or relative fold change for 
MMPs and ERs and analyzed by 1-way analysis of variance, 
followed by Sidak’s multiple-comparisons test with GraphPad 
Prism 7.04 software. The sample size for in vivo studies was 5 
to 6 animals in each group. In vitro experiments were repeated 
3 times in triplicate wells from cells pooled from 3 mice and 
data were analyzed as described earlier. P < 0.05 was consid-
ered statistically significant.
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Results

Establishment of an OVX Mouse Model  
for Systemic E2 and P4 Administration

To determine the desired systemic concentrations of E2 and P4 
(hormone control) consistent with peak systemic midfollicular 
and midluteal levels in cycling women, a series of pilot studies 
were performed on ovariectomized (OVX) mice involving 
administration of a range of doses of hormones via subcutane-
ously implanted osmotic pumps. We found that administration 
of 3 µg/kg/d of E2 resulted in systemic E2 concentrations of 
94.3 ± 9.2 versus 19.9 ± 3.0 pg/mL in PBS OVX control mice 
(P < 0.01). Similarly, P4 administration at 0.15 mg/kg/d 
resulted in systemic P4 concentrations of 950.9 ± 105.1 versus 
15.2 ± 5.3 pg/mL in PBS-administered OVX mice (P < 0.01).

Administration of E2 but Not P4 Contributes to 
Targeted Loss of TMJ Fibrocartilage ECM

Administration of E2 resulted in a 40% to 50% reduction (P < 
0.05) in TMJ fibrocartilage collagen and GAG (Fig. 1A, B) 

content but had no discernible effects on KM fibrocartilagi-
nous matrices (Fig. 1C, D). P4 administration did not contrib-
ute to any significant changes in TMJ and KM fibrocartilage 
collagen and GAG.

E2 Enhances ERα, MMP9, and MMP13 
Expression in TMJ Fibrocartilage

Because E2 exerts its functions primarily through ERα and 
ERβ (Levin and Hammes 2016), we explored the effects of 
systemic E2 on these ERs in TMJ fibrocartilage. Elevated lev-
els of systemic E2 but not P4 significantly increased ERα but 
not ERβ transcription in TMJ fibrocartilage (Fig. 2A, B).

To determine the potential molecular mechanism underly-
ing E2-mediated TMJ fibrocartilage ECM loss, we next 
assessed E2’s modulation of MMPs, ECM, and adhesion mol-
ecules in TMJ disc fibrocartilage. Of the 84 ECM/MMP/cell 
adhesion genes assayed via PCR array, 13 genes showed sig-
nificant induction or repression in TMJ disc fibrocartilage after 
7 d of exposure to E2 or P4 (Fig. 2C). These included signifi-
cant induction of MMP9, MMP13, MMP8, TNC, and SPP1 by 
E2 but not P4; enhanced expression of MMP3, HC, VCAM, 
and LAMA1 by P4 but not E2; and enhanced expression of 
SELP by E2 and P4. Additionally, ADAMTS1 and ADAMTS8 
were repressed by both hormones, and SPOCK1 was inhibited 
by P4. Among the assayed genes, E2’s most dramatic induction 
was of the 2 proteinases MMP9 and MMP13 of 16- and 7-fold, 
respectively. In contrast, MMP9 and MMP13 were not modu-
lated by P4. Real-time qRT-PCR (Fig. 2D, E) and Western blot 
analysis (Fig. 2F) showed significant induction of MMP9 and 
MMP13 in the TMJ fibrocartilage of mice administered E2 but 
not P4, providing confirmation of the gene array findings. 
Thus, among 84 assayed genes, E2 but not P4 specifically 
induces MMP9 and MMP13 in vivo, thereby pointing to their 
potential contribution to E2-mediated TMJ fibrocartilage 
matrix turnover.

Abrogation of MMP9 or MMP13 Does Not Mitigate 
E2-Mediated Collagen Loss, Which May Be Due to 
Compensatory Reciprocal Increase of One MMP  
in the Absence of the Other

We next undertook studies with MMP9-/- and MMP13-/- mice to 
identify any causal link between E2-induced MMP9 and 
MMP13 and TMJ fibrocartilage collagen loss. Unexpectedly, 
E2 treatment of either of these MMP-null mice resulted in a 
loss of TMJ disc collagen to a similar extent as in control WT 
mice (Fig. 3A, B). To understand the basis for this observation, 
we assayed MMP9 and MMP13 mRNA expression in TMJ tis-
sue from the mice. These assays revealed E2’s significantly 
greater induction of MMP13 in MMP9-/- mice and that of 
MMP9 in MMP13-/- mice than in WT mice (Fig. 3C, D), sug-
gesting that each of these proteinases compensates for the 
absence of the other in response to E2. This compensatory 
redundancy of the 2 MMPs may explain the similarities in 

Figure 1.  Administration of E2 causes targeted loss of collagen and 
glycosaminoglycan (GAG) in mouse temporomandibular joint (TMJ) but 
not knee meniscus fibrocartilage. Seven days following ovariectomy, 
osmotic pumps containing phosphate buffered saline (control; C), 17-β 
estradiol (E2; 3 µg/kg/d), or progesterone (P4; 0.15 mg/kg/d as hormone 
control) were implanted subcutaneously in 12-wk-old female mice. One 
week after the pumps were implanted, the mice were euthanized and 
the tissues retrieved and assayed for collagen and GAG. Collagen (A) 
and GAG (B) content in TMJ disc was significantly reduced by E2 but 
not by P4 infusion. E2 did not modulate any changes in collagen (C) and 
GAG (D) content in knee meniscus (KM) fibrocartilage. Results are 
shown as mean ± SD from 5 mice. **P < 0.01 vs. control or P4-treated 
mice.
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E2-mediated collagen loss in WT and each of 
the MMP-null mice, which requires valida-
tion through the use of double MMP9 and 
MMP13 knockout models.

TMJ Fibrocartilage Cells Are More 
Sensitive Than KM Cells in MMP9 
and MMP13 Induction by E2

To understand the reason for the differences 
between TMJ and KM fibrocartilage matrix 
loss in response to E2, we explored the sensi-
tivity of the primary cells in the modulation of 
MMP13 and MMP9 by E2. TMJ fibrocarti-
laginous cells treated to increasing concentra-
tions of E2 showed a statistically significant 
peak 3.2- to 4.4-fold induction of MMP13 at 
0.1 and 0.5 ng/mL of E2 (Fig. 4A, C). In con-
trast, MMP13 expression was significantly 
increased only about 2-fold in KM cells at 5 
and 20 ng/mL of E2 (Fig. 4B, C). Similarly 
E2 at concentration ranges of 0.1 to 20 ng/mL 
significantly increased MMP9 expression 
with a peak induction of ~4-fold at 0.5 ng/mL 
of E2 (Fig. 4D, F). However, none of the E2 
doses had any effect on MMP9 expression in 
KM cells (Fig. 4E, F). These results indicate 
the greater sensitivity of TMJ than KM fibro-
cartilage cells in the induction of MMP13 
and MMP9 by E2.

Discussion
Because of 1) the preponderance of TMJ dis-
orders in women during reproductive years, 
2) the association of TMJ DDs in men and 
women with elevated levels of E2 (Landi  
et al. 2004; Landi et al. 2005), and 3) our pre-
vious findings showing the induction of 
MMPs by E2 in TMJ fibrocartilaginous cells 
in vitro, we initially undertook a series of tri-
als to establish a mouse model to attain sys-
temic E2 levels mimicking those found 
during the luteal phase in cycling women. Using OVX mice to 
minimize the confounding effects of the variations in hormones 
during the menstrual cycle, we found that the continuous infu-
sion of 3 µg/kg/d of E2 or 0.15 mg/kg/d of P4 resulted in mean 
systemic concentrations of 94 pg/mL and 951 pg/mL, respec-
tively, of these hormones. These serum hormone concentrations 
are consistent with peak systemic midluteal E2 and P4 concen-
trations in cycling women and for E2 in gonadal intact female 
mice (Marsh et al. 2011; Nilsson et al. 2015). Our studies dem-
onstrated that exposure to these concentrations of E2 but not P4 
resulted in a significant loss of TMJ fibrocartilage collagen and 
GAG, an early phenotype of DD/OA. Neither E2 nor P4 had 

any discernible effects on KM fibrocartilaginous matrices. 
Since the loss of key ECM molecules is a precursor to OA, 
these findings suggest that E2 at levels found in vivo may pre-
dispose the TMJ to targeted degenerative TMJ disorders.

The loss of cartilaginous matrices, including those of the 
TMJ in DD/OA, is believed to be mediated by matrix-degrad-
ing enzymes of the MMP family. Of these MMPs, MMP9 and 
MMP13 are the 2 primary enzymes responsible for cartilage 
ECM breakdown, as shown in clinical and animal studies 
(Leonardi et al. 2008; Wadhwa and Kapila 2008; Troeberg and 
Nagase 2012; Loreto et al. 2013; Yang et al. 2013). Additionally 
both these MMPs are upregulated in degenerative TMJ 

Figure 2.  E2 enhances the expression of ERα and specific MMPs in TMJ fibrocartilage in 
vivo. Mice were treated as in Figure 1. Total RNA and protein were extracted from TMJ 
fibrocartilage and assayed by real-time qRT-PCR, gene array, and Western blots. (A, B) 
E2 but not P4 enhanced ERα mRNA expression, while neither hormone modulated ERβ 
mRNA expression. (C) RT2 Profiler gene array data of the 13 assayed mRNAs (out of 84) 
that are significantly modulated by E2 and/or P4 demonstrate the specificity and magnitude 
of E2’s induction of MMP9 and MMP13. (D–F) Real-time qRT-PCR and representative 
Western blot confirming E2’s induction of MMP9 and MMP13 in vivo. Results are presented 
as mean ± SD from 5 mice. *P < 0.05 and **P < 0.01 vs. control. C, control (phosphate 
buffered saline); E2, 17-β estradiol; ER, estrogen receptor; MMP, matrix metalloproteinase; 
P4, progesterone; qRT-PCR, quantitative reverse transcription polymerase chain reaction; 
TMJ, temporomandibular joint. Abbreviations of genes in panel C are as follows: ADAMTS1 
and ADAMTS8: a disintegrin and metalloproteinase with thrombospondin motifs 1 and 8; 
HC: hemolytic complement; Lama1: laminin alpha 1; Selp: selectin platelet; SPOCK1: SPARC 
(osteonectin), CWCV and Kazal like domains proteoglycan 1; Spp1: secreted phosphoprotein 
1; TNC: tenascin C; Vcam1: vascular cell adhesion molecule 1.
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disorders (Leonardi et al. 2008; Loreto et al. 2013). While the 
upregulation of MMP9 and MMP13 in OA has primarily been 
attributed to their induction by proinflammatory cytokines 
(Burrage et al. 2006), our study demonstrates for the first time 
the in vivo induction of MMP9 and MMP13 by E2. Because 
E2’s induction of MMP9 and MMP13 occurred in parallel with 
loss of fibrocartilage ECM, we used global MMP9- and 
MMP13-null mice to explore the role of each MMP in directly 
contributing to the E2-mediated TMJ fibrocartilage degrada-
tion. Unexpectedly, the global disruption of MMP9 or MMP13 
had no statistically significant effect in the rescue of E2-induced 
loss of collagen from the TMJ fibrocartilage. While various rea-
sons, including the inherent limitations of global knockout 
mice, may explain these observations, the most compelling 
explanation for this lack of effect of absence of either MMP to 
E2-mediated fibrocartilage ECM loss is likely related to the 
compensatory reciprocal upregulation of one MMP in the 
absence of the other. Similar observations on the redundancy in 
the effects of these MMPs have been observed in developing 
cartilage, wherein the early developmental defects are rescued 
as the animal matures due to this redundancy (Page-McCaw et 
al. 2007). The concept that >1 MMP contributes to fibrocarti-
lage matrix degradation is also supported by our previous 

observations in which a pan-MMP inhibitor blocked the loss of 
TMJ fibrocartilage matrices in explants exposed to relaxin 
(Naqvi et al. 2005). If the assumption that both MMPs contrib-
ute to fibrocartilage matrix loss is validated through additional 
in vivo studies, these proteinases together may serve as effec-
tive targets for ameliorating E2-mediated cartilage matrix loss 
with agents such as CAS204140-01-02 that specifically block 
MMP9 and MMP13 (Cheng et al. 2000) without the side 
effects related to the use of pan-MMP inhibitors.

While the presence of both ERs in TMJ and KM fibrocarti-
lages (Wang et al. 2013) implies that they are target sites for the 
potential effects of E2, the ECM turnover responses to E2 are 
significantly different between these tissues. Thus, while sys-
temic E2 administered at concentrations found in cycling 
women diminishes the collagen and GAG content of the TMJ 
fibrocartilage, it has no effect on the collagenous and proteo-
glycan content of the KM. This finding may be attributed to the 
higher expression levels of ERs in TMJ than in KM fibrocarti-
lage (Wang et al. 2009), possibly contributing to greater sensi-
tivity of the TMJ than knee fibrocartilages to E2. In support of 
this postulate, our findings show the dose-dependent bell-
shaped upregulation of MMP9 and MMP13 in TMJ fibrocarti-
lage that peaks at ~4-fold of baseline levels at 0.5 ng/mL of E2. 
In contrast, in KM fibrocartilaginous cells, the peak induction 
of MMP13 at about 2-fold greater levels than in controls is 
observed only at 5 and 20 ng/mL of E2, while none of the con-
centrations of E2 had any effect on MMP9 expression levels. 
Interestingly, the peak induction of both these MMPs in TMJ 
fibrocartilaginous cells in vitro occurs within the physiologic 
concentration range of E2, which was also replicated in our 
model. Our findings of the minimal MMP-inductive effects of 
E2 on KM fibrocartilaginous cells explain our in vivo results in 
KM fibrocartilage and are supported by observations of others 
showing that a high but not low dose of E2 causes cartilage 
loss in rabbit knee OA (Tsai and Liu 1993) and that this effect 
is blocked by an estrogen antagonist, tamoxifen (Tsai and Liu 
1992).

Previously, we demonstrated that E2 induces MMP9 and 
MMP13 via ERα in TMJ fibrocartilaginous cells in vitro 
(Ahmad et al. 2018). Now we show that E2-mediated loss of 
cartilage matrices is accompanied by amplification of ERα but 
not ERβ, suggesting that E2-mediated overexpression of ERα 
may contribute to further enhancing the sensitivity of this tis-
sue to E2, thereby potentially amplifying the effects of E2 on 
matrix turnover in the TMJ. Similarly, the higher expression 
levels of ERα in female than male murine and primate TMJ 
fibrocartilages (Milam et al. 1987; Wang et al. 2009) with the 
consequently greater sensitivity of female TMJ tissue to the 
adverse effects of E2 may explain the greater predilection of 
TMJ DD/OA in women than men.

In summary, our study demonstrates that E2 but not P4 at 
systemic concentrations similar to those found in cycling 
women contributes to a significant loss of collagen and GAG 
in the TMJ fibrocartilage but not KM fibrocartilage. Such 
enhanced loss of ECM by E2 is a likely precursor to DD/OA 
targeted to the TMJ. E2-mediated loss of collagen and GAGs 
was paralleled by enhanced expression of 2 specific MMPs, 

Figure 3.  Disruption of MMP9 or MMP13 fails to rescue E2-mediated 
loss of collagen in mouse TMJ fibrocartilage, which may be attributed 
to a compensatory increase in one MMP in the absence of the other 
MMP. Ovariectomized WT, MMP9-, and MMP13-null mice were treated 
as described in Figure 1. TMJ fibrocartilage was retrieved, and protein 
extracted for collagen assays and total RNA was prepared for the RT2 
Profiler PCR Array. E2-mediated reduction in TMJ fibrocartilage collagen 
was not significantly different between WT and MMP9-null mice (A) 
or between MMP13-null and WT mice (B). MMP9-null mice showed 
amplified expression of MMP13 in TMJ fibrocartilage in response to E2 
(C), while mice lacking MMP13 showed a markedly enhanced induction 
of MMP9 mRNA by E2 relative to vehicle-treated control mice (D). P4 
does not modulate the expression of either MMP in WT or null mice. 
Results are presented as mean ± SD from 5 mice. **P < 0.01 vs. control 
or the levels in WT mice. C, control (phosphate buffered saline); E2, 
17-β estradiol; MMP, matrix metalloproteinase; P4, progesterone; TMJ, 
temporomandibular joint; WT, wild type.
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MMP9 and MMP13, known to degrade 
these matrix molecules in cartilage. 
Furthermore, while we did not find that 
absence of either MMP9 or MMP13 miti-
gated the E2-mediated loss of ECM, we 
observed a compensatory reciprocal upreg-
ulation of each MMP in the absence of the 
other, implying that both proteinases may 
be critical to E2-mediated TMJ matrix loss. 
While the findings provide a possible rea-
son for the association between elevated 
levels of E2 and TMJ DD/OA in women 
and men and although the systemic levels 
of E2 achieved in our experiments are sim-
ilar to midluteal and midfollicular concen-
trations in cycling women and estrous in 
mice, the E2 levels achieved represent 
those of hyperestrogenism particularly for 
the mice. Future studies based on models 
with cycling E2 levels and limited dura-
tions of elevated E2 levels would provide 
additional insights on the possible role of 
E2 in TMJ DDs. These findings lay the 
foundation for further studies to identify 
the precise contributions of both MMPs 
with double knockout mice and ERs in the 
targeted loss of TMJ fibrocartilage by E2, 
which could help in designing and imple-
menting effective etiology-specific treat-
ments for E2-mediated TMJ DD/OA.
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