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Abstract 

Objectives: The structure of the mandibular condylar cartilage (MCC) is regulated by 

dynamic and multifactorial processes. The aim of this study was to examine the effects 

of altered dietary loading, estrogen level, and aging on the structure of the condylar 

cartilage and the expressions of matrix metalloproteinase (MMP) -3 and MMP-8 of rat 

MCC.  

Methods: In this study, Crl:CD (SD) female rats were randomly divided into 3 groups 

according to dietary hardness: hard diet (diet board), normal diet (pellet), and soft diet 

(powder). In each group, the rats were further divided into 2 subgroups by ovariectomy 

at the age of 7 weeks. The rats were sacrificed at 5- and 14-month-old. 

Histomorphometric analysis of the MCC thickness was performed after toluidine blue 

staining. Immunochemical staining was done for MMP-3 and MMP-8. A linear mixed 

model was used to assess the effects of dietary loading, estrogen level, and aging. 

Results: Increased dietary loading was the main factor to increase the MMP-3 

expression and the anterior and central thickness of the MCC. Lack of estrogen was the 

main factor associated with decreased MMP-8. Aging was associated with the thickness 

changes of the whole condylar cartilage and the reduced expression of MMP-8. 

Conclusion: The condylar cartilage structure and metabolism of the female rats are 
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sensitive to dietary loading changes, estrogen level as well as aging. The proper balance 

of these factors seems to be essential for the maintenance of the condylar cartilage.   

Keywords: temporomandibular condyle; matrix metalloproteinases; mastication 

function; gender 

 

Introduction 

Mandibular condylar cartilage (MCC), a primary part and growth site of the 

temporomandibular joint (TMJ), consists of chondrocytes and extracellular matrix 

(ECM) that contains collagens, proteoglycans, and water (Embree et al., 2010). Matrix 

metalloproteinases (MMPs) are major players in ECM developmental and repair 

processes at both physiological and pathological levels (Murphy et al., 2002). An 

imbalance between the synthesis and degradation of ECM is a characteristic of 

degenerative changes in the MCC (Learreta, Bono, & Durst, 2011).  

MCC is able to remodel its structure in response to loading. Normal loading promotes 

the metabolism of the chondrocytes by increasing the proteoglycan content and 

cartilage thickness and by decreasing proteoglycan extractability (Betti et al., 2018; 

Enomoto et al., 2010). Reduced loading induced by small-size diet or botox injection 

into the masseter causes decreased proliferation, differentiation, and maturation of 

chondrocytes (Dutra et al., 2018; Liu et al., 2014). Excessive loading leads to 

degenerative changes in articular cartilage and subchondral bone (Tanaka, Detamore, 

& Mercuri, 2008; Wang, Zhang, Gan, & Zhou, 2015). 

Controversy remains about the role of estrogen in the etiology of temporomandibular 

disorders (TMD) that are a group of problems affecting TMJ, masticatory muscles and 

other related structures (Ohrbach & Dworkin, 2016; Perez et al., 2013). TMD 

predominantly afflict women, and the women-to-men ratio of patients treated for TMD 

is about 3:1 (Manfredini et al., 2011). The prevalence of TMD increases after puberty, 

peaks during the reproductive years, and decreases after menopause (Warren & Fried, 

2001). Previous studies have discovered the existence of estrogen receptors in human 

and animal TMJ (Aufdemorte et al., 1986; Henry, Tull, Whittum-Hudson, & Wolford, 

2008). Hence, it is suspected that sex hormones, particularly estrogen, contributes to 
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the incidence of TMD (Kamiya et al., 2013; Traub & Ji, 2013).  

Aging is one of the most dominant factors associated with cartilage degeneration 

(Mähler et al., 2014). Both the degree and frequency of cartilage breakdown seem to 

increase with aging (Kuroda et al., 2009). Aging causes disabilities of the chondrocytes 

and the intracellular matrix to maintain cartilage integrity and homeostasis (Loeser, 

2009). It has also been reported that aging is accompanied by a declining number of 

chondrocytes, lower cartilage turnover, and increased cartilage stiffness (Jorgensen, 

Kjaer, & Heinemeier, 2017). 

MMP-3 degrades most ECM components, such as aggrecan, type II and type X collagen, 

ultimately causing cartilage and bone loss (Williams, Feldmann, & Maini, 2000). As a 

predictor of joint destruction, MMP-3 also activates procollagenases and seems to play 

a pivotal role in the initiation of collagen damage (Green et al., 2003; van Meurs et al., 

1999). MMP-8 is able to cleave native triple helical collagens, such as type I, type II 

and type III (Murphy et al., 2002). Studies on humans and animals indicate that MMP-

3 and MMP-8 are involved in different stages of TMJ pathogenesis (Jiao et al., 2016; 

Tiilikainen, Pirttiniemi, Kainulainen, Pernu, & Raustia, 2005a). 

The aim of this study was to examine the effects of altered dietary loading, estrogen 

level, and aging on the structure of the condylar cartilage and the expressions of MMP-

3 and MMP-8 of rat MCC. Our hypothesis was that altered dietary loading, estrogen 

level, and aging all play a significant role in the structure and composition of the 

cartilage. 

Methods 

Animals and Husbandry 

Outbred specific pathogen-free Crl:CD (SD) female rats born in the Laboratory Animal 

Centre, University of Oulu, Finland, were used. At the beginning of the study, they 

were 8 weeks old and the weights were 221 ± 20 g (mean ± SD). Microbiological health 

monitoring (serum antibodies, bacterial culture, PCR and direct microscopy) of the 

animal unit rats was carried out annually for all pathogens listed in the Federation of 

European laboratory Animal Science Associations recommendations (Mähler et al., 
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2014). All results for 18 months before and during the experiment were negative, apart 

from S.aureus detected in 2015. The animal care and experimental procedures were in 

line with the Finnish legislation and EU Directive 2010/63/EU. The animal experiment 

was approved by the National Animal Experiment Committee of Finland.  

Diet Board 

In the diet board (Tapvei, Kiili, Estonia), food pellets were tightly fitted into grooves in 

2.7 x 14 x 36 cm aspen boards. Two boards with altogether 40 vertical grooves 

(diameter 12 mm, 6 mm wide gap) were joined in the middle to form a cross-shaped 

wall structure in the cage (Laaksonen et al., 2017). The rats have to gnaw the wooden 

boards to reach the food. Therefore, increased TMJ loading was due to gnawing the 

wooden boards. The boards were changed once a week and turned upside down on the 

fourth day to keep the eating workload more constant. 

Animal model 

Before the experiment, 96 rats were randomly divided into 6 equal groups according to 

dietary hardness and estrogen status (ovariectomized (OVX) or intact (non-OVX)): 

OVX rats on the diet board, and non-OVX rats on the diet board, OVX rats on pellet, 

non-OVX rats on pellet, OVX rats on powder, non-OVX rats on powder. Four birth 

cohorts of 24 rats were comprised of four litters each, with littermates allocated 

randomly into different study groups. Before ovariectomy, all rats received pellets as 

food. The OVX-group rats were operated at 7 weeks of age and the feeding experiment 

started one week later. The study length was 100 days for two cohorts and 360 days for 

the other two, so rats were either 5- or 14- month-old at the end. One rat in the 14-

month-old non-OVX diet board died due to an eye problem; two rats died in 14-month-

old non-OVX powder group due to either breast or kidney tumor (Table 1). All rats of 

the same group in a cohort shared the same cage. Every cohort was housed in its own 

cage rack.  

Tissue Preparation 

At the end of the experiment, rats were pre-anesthetized with isoflurane and then 

euthanized by 100 % carbon dioxide. The craniums were fixed in 4% formalin for 7 

days, and decalcified with EDTA (pH 7.4) at 37°C for 6 weeks. After decalcification, 



5 
 

the craniums were divided sagittally into left and right TMJs, and then embedded in 

paraffin. The right TMJs were used in the present experiment and were cut into serial 

5-µm thick sagittal sections. The most central sagittal sections of the condyle confirmed 

by toluidine blue staining were selected for further analyses and staining.  

Histomorphometric Analysis 

The most central sections stained by toluidine blue from each condyle were examined 

with a microscope at 2.5x (Leica, Leitz-Wezlar, Germany). The articular surface was 

divided equally into anterior, central and posterior parts by using Rhinoceros 5 software 

(Robert McNeel & Association, USA). The measurement point was the midpoint of the 

anterior, central and posterior part (Fig. 1). The thickness was identified from the 

fibrous to erosion zone in the subchondral bone and was measured at the three points.  

Immunohistochemistry 

Deparaffinized sections were treated with 1% H2O2 for 30 min at room temperature to 

quench endogenous peroxidase activities, and treated with 0.4% pepsin for 45 min at 

37°C. The sections were then pre-incubated with primary antibodies: 1:50 Goat 

polyclonal anti-MMP-3 (Santa Cruz Biotechnology, Inc., California, USA) and 1:3000 

rabbit polyclonal anti-MMP-8 (Chemicon International, Inc., California, USA).  

MMP-8 specimens were incubated with the primary antibody for 60 min at room 

temperature. Afterwards, MMP-8 sections were incubated with Dako’s HRP rabbit 

solution (Dako Denmark A/S, Denmark) for 30 min. 

After inserting the primary antibody, MMP-3 specimens were placed at 37°C for 30 

min, and in a fridge at 4°C overnight. The next day, MMP-3 sections were applied with 

Goat Probe (Biocare Medical, LLC, California, USA) and Goat-on-Rodent HRP-

Polymer for 15 min, respectively.   

Negative controls were prepared the same way without the primary antibody. Finally, 

all the sections were processed with diaminobenzidine (DAB) as the chromogen (3 min 

for MMP-3, 5 min for MMP-8) and counterstained with Mayer’s hematoxylin. 

Immunohistochemical Analysis 

The MCC was exhibited with a microscope at 10x (Leica, Leitz-Wezlar, Germany). 

Then, the images from the same MCC were merged into one whole condylar head 
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image with Adobe Photoshop (Adobe Systems, Inc. USA). The accurate MCC was 

separated with Image J (Maryland, USA) selection tools and the area of the MCC was 

measured. Immunostaining against antibody was then visualized by applying a color 

filter and the positive stained area was measured. All the measurements were performed 

blindly by one investigator. The same threshold was used for each antibody. The 

analysis registered the stained area divided by the whole area of the MCC.  

Statistical Analysis 

The type III tests of fixed effects for thickness, MMP-3 and MMP-8 was made by the 

linear mixed model with the independent variables being dietary loading, estrogen level, 

aging, and the two-way interaction terms. The comparisons of groups for the ANOVA 

analysis were planned on the grounds of these models.  

The variations between different classes were examined with the repeated measures 

ANOVA model. The Tukey-Kramer’s multiple comparison test was used as a post hoc 

test. In MMP-3 and MMP-8 models, the sections from the same condyle were used as 

a repeated measure. In thickness models, the three measure points of the anterior, 

central, and posterior parts were used as a repeated measure. Intraclass correlation 

coefficients (ICCs) were 0.944 for MMP-3 and 0.992 for MMP-8. P < 0.05 was 

considered statistically significant. The statistical analyses were conducted using SPSS 

22 (IBM, New York, USA) and SAS Enterprise Guide 5.1 (SAS Institute Inc., North 

Carolina, USA). 

Results 

Histomorphometric analysis 

Anterior thickness of MCC  

Loading and aging were the main factors affecting the anterior thickness of MCC (Table 

2). In both estrogen groups and in both time points, the anterior thickness was higher in 

the pellet rats than in the powder rats (Fig. 2B). In the OVX 14-month-old groups, the 

anterior thickness was higher it the diet board rats than in the powder rats (p < 0.01, Fig. 

2B). In both estrogen diet board and pellet groups, there was a tendency that the anterior 

thickness increased in the 14-month-old compared to the 5-month-old rats (Fig. 2B). 
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Central thickness of MCC  

Loading and aging were the main factors affecting the central thickness of MCC (Table 

2). In both estrogen groups and in both time points, the central thickness was 

significantly higher in the diet board rats than in the powder rats (Fig. 2). In both 

estrogen 5-month old groups, the central thickness of diet board rats was higher than 

the pellet rats (p < 0.01, Fig. 2). In the non-OVX diet board groups, the central thickness 

was significantly higher in the 5-month-old rats than in the 14-month-old rats (p < 0.01, 

Fig. 2). 

Posterior thickness of the MCC  

Aging was the main factor to affect the posterior thickness of MCC (Table 2). In the 

non-OVX pellet groups, the 14-month-old rats had a significantly higher posterior 

cartilage layer than the 5-month-old rats (p < 0.05, Fig. 2 B). 

Immunohistochemical Analysis 

Expression of MMP-3  

Loading was the main factor that affected the expression of MMP-3 (Table 2). In the 

14-month-old OVX groups, the expression of MMP-3 in the diet board rats was 

significantly higher than in the powder rats (p < 0.05, Fig. 3). 

Expression of MMP-8  

Aging and estrogen level were the main factors that affected the expression of MMP-8 

(Table 2). In all dietary OVX groups, the expression of MMP-8 was significantly higher 

in the 5-month-old rats than in the 14-month-old rats (Fig. 4). In the non-OVX diet 

board and powder groups, the 5-month-old rats showed higher expression of MMP-8 

compared to the 14-month-old rats (Fig. 4). In the 14-month-old powder groups, the 

expression of MMP-8 was significantly lower in the OVX rats than in the non-OVX 

rats (p < 0.05, Fig. 4). 

Discussion 

The present results showed that aging affected the thickness changes of the whole 

condylar cartilage. The anterior and posterior thickness of the MCC increased with 

aging, whereas the central thickness was found to be decreased. The articular surface 
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of the mandibular condyle is covered by fibrocartilage, and the structure is different 

from the articular surfaces of other joints that are composed of hyaline cartilage 

(Embree et al., 2010). The thickness of the cartilage has been shown to be dependent 

on the maturation, aging, health status and loading of the joint (Mirahmadi, Koolstra, 

Lobbezoo, van Lenthe, & Everts, 2017). Vascular layers have been constantly found to 

exist at the anterior and posterior parts of the condyles (Rusu, Pop, Leonardi, Motoc, & 

Jianu, 2011). Concurrently, it has been reported that endochondral ossification occurs 

more actively in the posterior part (Kufley, Scott, & Ramirez-Yanez, 2017). The present 

results give more evidence that the anterior and posterior parts are growing sites, even 

though the anterior part is also impacted by loading due to the direct contact with the 

TMJ disc during mastication (Nickel, McLachlan, & Smith, 1988; Pirttiniemi, 

Kantomaa, & Tuominen, 1993). Previous studies have shown that reduced loading 

caused by a soft diet leads to a thinner cartilage (Orajarvi, Thesleff, Hartikainen, 

Raustia, & Pirttiniemi, 2015). In this study, the results showed similarly that reduced 

dietary loading decreases the thickness of the anterior and central parts, but not the 

posterior part. Based on our findings, it could be speculated that the central part is age-

related and also highly influenced by loading, indicating it plays a vital role in the 

growth of the MCC by withstanding the forces caused by mastication. The present 

results show that estrogen level does not change the thickness of the MMC in these 5- 

and 14-month-old groups. 

In this study, the higher expression of MMP-3 was linked to the heavy masticatory 

loading. MMPs are a family of proteases that are involved in connective tissue 

remodeling, angiogenesis and bone growth (Schultz & Wysocki, 2009). Normally, 

MMPs are maintained at a constant low level in the tissue and may be upregulated by 

inflammatory cytokines, hormones, growth factors, and physical factors (Jablonska-

Trypuc, Matejczyk, & Rosochacki, 2016). MMP-2, MMP-9, and MMP-13 have been 

shown to be significantly overexpressed in osteoarthritic cartilage (Ho et al., 2005; 

Jackson, Moradi, Smith, Jackson, & Little, 2014). Elevated expression of MMP-3 has 

been observed in human osteoarthritic TMJ and synovial membrane (Sun et al., 2014; 

Tiilikainen, Pirttiniemi, Kainulainen, Pernu, & Raustia, 2005b). In an earlier 
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experiment, higher expression of MMP-3 was found in the rat TMJ of the increased 

loading group (Pirttiniemi, Kantomaa, & Sorsa, 2004). These results indicate that 

increased dietary loading leads to MCC catabolism or degeneration by increasing 

MMP-3 expression. 

It has been shown that MMP-8 is involved in the breakdown of ECM and promotes 

bone tissue degradation (Chen et al., 2017). In the present study, increased expression 

of MMP-8 was observed in the 5-month-old group compared to the 14-month-old group. 

This phenomenon may be due to the capability of MMP-8 to develop and remodel tissue 

via breakdown of ECM, indicating that MMP-8 may be a sign of active condylar 

cartilage turnover and also act actively during the MCC growth period (Orajarvi et al., 

2015). This effect is consistent with the previous study that MMP-8 deficiency has been 

shown to be associated with the aggravation of arthritis, suggesting that MMP-8 may 

play a protective role (Garcia et al., 2010; Gutierrez-Fernandez et al., 2007). It is 

interesting that in the present study, a higher-level expression of MMP-8 was also seen 

in the non-OVX groups when estrogen was present. Estrogen seems to have a dual 

action on the cartilage. It is believed that estrogen has a protective function on joint 

homeostasis by reducing MMP-2 and MMP-9 and decreasing collagen type II 

degradation (Nielsen, Christiansen, Stolina, & Karsdal, 2008). On the other hand, 

estrogen has been found to aggravate TMJ disease (Kou et al., 2011; Ye et al., 2018). 

Altogether, these results indicated that aging combined with lack of estrogen decrease 

the activity of MMP-8, which probably results in less active condylar cartilage turnover. 

In summary, our findings show that the condylar cartilage structure and metabolism of 

the female rats are sensitive to altered dietary loading, estrogen level as well as aging. 

The thickness of the central part of MCC is increased by loading and reduced by aging. 

The anterior thickness is increased by both loading and aging, while the posterior part 

only increases in thickness with aging. The MMP-3 expression in MCC is upregulated 

by increased loading, and decreased expression of MMP-8 is associated with aging and 

low estrogen level. The proper balance of loading, estrogen level, and aging seems to 

be essential for the maintenance of the condylar cartilage.  
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 Table 1. Distribution of Experimental Animals  

Age  Estrogen 

  Dietary loading 

Powder Pellet Diet board 

5-month-old 

OVX 8 8 8 

non-OVX 8 8 8 

14-month-old 

OVX 8 8 8 

non-OVX 6 8 7 

 

 

Table 2. P values of type III tests* of fixed effects of dietary loading, estrogen level, and aging 

Source 

Thickness of 

anterior part 

Thickness of 

central part 

Thickness of 

posterior part 

MMP-3 MMP-8 

Dietary loading <0.001 <0.001 0.912 0.035 0.538 

Estrogen level 0.991 0.364 0.644 0.855 <0.001 

Aging 0.020 <0.001 <0.001 0.204 <0.001 

* The type III tests of fixed effect with linear mixed model 

  Dependent variables: thickness, MMP-3 and MMP-8 

  Independent variables: dietary loading, estrogen level and aging adjusted with the two-way interaction terms 
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Figure 1. The mandibular condylar cartilage (MCC) was divided sagittally into three equal parts 

according to the articular surface: A = anterior part, C = most central part, P = posterior part. Red line 

represents the midpoint of anterior, central and posterior part. The condylar image was taken from a 14-

month-old OVX rat on the diet board. 

 

 



16 
 

 

Figure 2. Changes of the thickness (A) Toluidine blue staining from the central part of the mandibular 

condylar cartilage (MCC). Scale bar, 200 μm. (B) Box plot diagram showing the thickness of the three 

parts. *P < 0.05. **P < 0.01. ***P < 0.001. —shows difference including all the groups under the line. 
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Figure 3. Expression of MMP-3 in the mandibular condylar cartilage (MCC). (A) 

Immunohistochemical staining showing the central part of the condyle. Scale bar, 200 μm. (B) Box 

plot diagram illustrating MMP-3 expression. *P < 0.05. 
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Figure 4. Expression of MMP-8 in the mandibular condylar cartilage (MCC). (A) 

Immunohistochemical staining showing the central part of the condyle. Scale bar, 200 μm. (B) Box 

plot diagram illustrating MMP-8 expression. *P < 0.05. **P < 0.01. ***P < 0.001. 

 

 


