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Abstract

The temporomandibular joint (TMJ) is a synovial joint which attaches the mandible to the skull.
The head of the mandibular condyle is covered by condylar cartilage, which functions as both
growth and articular cartilage. Masticatory forces are transmitted to the condylar cartilage, and the
consistency of a person’s diet partly defines the loading force. Condylar cartilage acts as a load-
absorbing structure together with the articular disc.

Temporomandibular disorders (TMDs) are a wide group of pathological conditions involving
pain and dysfunction in the masticatory system. Females comprise the majority of patients, having
more symptoms and clinical signs than men. Because of this gender distribution, it has been
suggested that the female sex hormone estrogen has an influence on the pathogenesis of TMJ
osteoarthrosis. However, little is known about how estrogen affects condylar cartilage.

The effect of estrogen deficiency and altered dietary loading on condylar cartilage was studied
with female rats, which were distributed to four groups depending on ovariectomy and diet
consistency, and further to two distinct age groups. Expression of type II and X collagens,
adiponectin, ERα, MMP-3, MMP-8, TRAP, and cathepsin K was investigated. Markers of
apoptosis and proliferation of cartilage cells were investigated.

A lack of estrogen increased and a soft diet decreased the thickness of condylar cartilage.
Expression of proliferating cell nuclear antigen (PCNA, proliferation marker) was higher in
ovariectomized rats fed a normal diet when compared with control rats. The area of type II and X
collagens in condylar cartilage was larger when estrogen was not present and smaller when the
diet consistency was soft. Expression of MMP-3 was higher in ovariectomized rats than in control
rats. Ovariectomized rats fed a soft diet had higher expression of MMP-8 than ovariectomized rats
fed a normal diet. However, control rats fed a soft diet had lower proportional expression of MMP-
8 than normal diet controls. The proportional amount of cartilage cells stained against adiponectin
was higher in rats fed a soft diet when compared with rats fed a normal diet. The proportional
amount of cartilage cells expressing ERα was higher in ovariectomized rats than in control rats.
Osteoclast markers cathepsin K and TRAP showed that ovariectomized rats had fewer osteoclasts
than control rats had. The average size of osteoclasts was smaller in ovariectomized rats when
compared with control rats. 

The results of this study show that estrogen and altered dietary loading have an effect on
condylar cartilage. Further studies are needed to evaluate the significance of these changes, and
especially their association with TMJ disorders.

Keywords: condylar cartilage, condyle, estrogen, loading, temporomandibular
disorders, tmj
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Tiivistelmä

Leukanivel on synoviaalinivel, joka liittää mandibulan eli alaleuan kalloon. Alaleuan nivellisäk-
keen eli kondyylin päässä oleva rustokerros toimii sekä kasvu- että nivelrustona. Purentavoimat
välittyvät kondyylirustoon, ja kuormituksen määrä on riippuvainen ruoan kovuusasteesta. Kon-
dyylirusto toimii kuormituksen vastaanottajana yhdessä nivelvälilevyn kanssa.

Purentaelimistön toimintahäiriöihin (TMD) kuuluu laaja joukko patologisia tiloja, joihin liit-
tyy kipua ja dysfunktiota purentaelimistössä. Potilaista suurin osa on naisia, ja heillä on oireita
sekä sairauden kliinisiä tunnusmerkkejä enemmän kuin miehillä. Sukupuolijakaumasta johtuen
on arveltu, että naissukupuolihormoni estrogeenilla voisi olla vaikutusta leukanivelartroosin
patogeneesiin. Tällä hetkellä tietoa on hyvin vähän siitä, miten estrogeeni vaikuttaa leukanivel-
rustoon.

Estrogeenin puutoksen ja muunnellun purentarasituksen vaikutusta leukanivelrustoon tutkit-
tiin naarasrotilla, jotka jaettiin neljään eri ryhmään munasarjojen poiston ja dieetin kovuusas-
teen mukaan sekä lisäksi kahteen eri ikäryhmään. Tyypin II ja X kollageenin, adiponektiinin,
estrogeenireseptori α:n, MMP-3:n, MMP-8:n, TRAP:n ja katepsiini K:n ekspressio tutkittiin.
Rustosoluista tutkittiin apoptoosin ja proliferaation merkkiaineet.

Estrogeenin puute lisäsi ja pehmeä dieetti pienensi kondyyliruston paksuutta. PCNA:n (proli-
ferating cell nuclear antigen) ekspressio oli suurempi normaalilla dieetillä olleilla ovariapoiste-
tuilla rotilla kuin kontrollirotilla. Tyypin II ja X kollageenien osuus oli suurempi ovariapoistettu-
jen rottien kondyylirustossa kuin pehmeällä dieetillä olleilla. MMP-3:n ekspressio oli korkeam-
pi ovariapoistetuilla rotilla kuin kontrolleilla. Ovariapoistetuilla rotilla, jotka olivat pehmeällä
dieetillä, oli suurempi MMP-8:n ekspressio kuin normaalilla dieetillä olleilla ovariapoistetuilla
rotilla. Kuitenkin MMP-8:n ekspressio oli pienempi pehmeällä dieetillä olleilla kontrollirotilla
kuin normaalilla dieetillä olleilla. Adiponektiinin tunnistavalle vasta-aineelle positiivisten solu-
jen suhteellinen lukumäärä oli suurempi pehmeällä dieetillä olleilla rotilla kuin normaalilla diee-
tillä olleilla. Estrogeenireseptori α:a ekspressoivien solujen suhteellinen lukumäärä oli suurempi
ovariapoistetuilla rotilla kuin kontrolleilla. Osteoklastien merkkiaineet katepsiini K ja TRAP
osoittivat, että ovariapoistetuilla rotilla oli vähemmän osteoklasteja kuin kontrollirotilla. Oste-
oklastien keskimääräinen koko oli pienempi ovariapoistetuilla rotilla kuin kontrolleilla.

Tutkimuksen tulokset osoittavat, että estrogeeni ja muunneltu purentarasitus vaikuttavat leu-
kanivelrustoon. Lisätutkimuksia tarvitaan, jotta voidaan arvioida näiden muutosten merkitsevyys
ja erityisesti niiden yhteys leukanivelen toimintahäiriöihin.

Asiasanat: estrogeeni, kondyyli, kondyylirusto, leukanivel, purentaelimistön
toimintahäiriöt, purentarasitus





7 

Acknowledgements 

This research was carried out at the Department of Prosthetic Dentistry and 

Stomatognathic Physiology and Department of Oral Development and 

Orthodontics, Institute of Dentistry, Faculty of Medicine, University of Oulu. Part 

of this work was carried out at the Institute of Biotechnology, University of 

Helsinki. This research was carried out in co-operation with the Finnish Doctoral 

Program in Oral Sciences (FINDOS).  

I am sincerely grateful to my supervisors, Professor Aune Raustia D.D.S, 

Ph.D, and Professor Pertti Pirttiniemi, D.D.S, Ph.D. They introduced me to 

research and have taught me both practical and scientific matters throughout the 

work. Aune Raustia has given me great insight into temporomandibular 

physiology and pathology and has always made time to focus on my often most 

basic questions. Pertti Pirttiniemi has offered his expertise in the development and 

the growth of condyle and has been both encouraging and patient with my work.   

I learned a great deal during my relatively short time spent at the Laboratory 

Animal Centre in Oulu. I wish to thank all the personnel working there. I was 

privileged to work with Sakari Laaksonen D.V.M, who has since then taught me a 

lot about research in general.  

The largest part of the time gone into this research was spent in our 

histological laboratory at the Institute of Dentistry with Ms Maritta Harjapää, Ms 

Tanja Kuusisto, Ms Sanna Juntunen, Ms Merja Tyynismaa, and Ms Eeva-Maija 

Kiljander. Warmest thanks belong to them for guiding me in the laboratory and 

for being my friends. I wish to thank Professor Tuula Salo, D.D.S, Ph.D, and 

Professor Leo Tjäderhane D.D.S, Ph.D, for the inspirational discussions on 

science.  

I wish to thank all the personnel in the research group of Irma Thesleff, 

D.D.S, Ph.D, at the Institute of Biotechnology, University of Helsinki for their 

input.   

I wish to express my gratitude to the referees of this thesis, Professor Timo 

Peltomäki and Professor Mauno Könönen, for their honest and meticulous review 

of the manuscript. I am indebted to the co-authors of the articles: Elina Puijola, 

D.D.S, Outi Hirvonen, D.D.S, Petri Tiilikainen, D.D.S, Ms Henna Hartikainen, 

Xiaodong Liu, D.D.S, Ph.D, Shi-Bin Yu, M.D.S, Ph.D, Professor Meiqing Wang, 

D.D.S, M.D, Ph.D, and Professor Irma Thesleff, D.D.S, Ph.D. I would like to 

thank my colleagues Egle Jonaviciute, D.D.S, Ms Riikka Hauru and Ms Heidi 

Mäki-Kojola, who helped greatly in the preparation of samples.  



8 

I want to acknowledge the excellent work and experience of the statisticians, 

Ahti Niinimaa, Ph.D, and Paula Pesonen, M.Sc. Mr Reijo Kettunen is 

acknowledged for his technical assistance and the schematic drawing of the 

condyle in one article. The thesis and three articles would not have been 

published without the revisions made by Mr Keith Kosola, whom I wish to thank 

very much. I thank the people in my follow-up group: Professor Tellervo 

Tervonen, D.D.S, Ph.D, and Docent Tuomo Heikkinen, D.D.S, Ph.D.   

Thanks are also due to my colleague Anniina Haro, D.D.S, for the numerous 

discussions and encouragement during the research. Her bringing me food when I 

was ill is acknowledged. Mr Juhani Vänttilä, Hans Tuomas, D.D.S, Timo 

Ruotsalainen, D.D.S, and Mr Eino Kemppainen have helped me out in many 

ways at the University of Oulu. Thanks are due to them for their inspiration and 

for making the everyday life at the University more enjoyable. 

This study has been financially supported by the FINDOS, Oulu University 

Hospital funding, and research grants from the Finnish Dental Society Apollonia. 

The grants are acknowledged. 

I hold my parents and grandmother Tellervo in the highest regard for 

supporting me throughout these 29 years.  I thank my brother Mika and his wife 

Outi, who have supported me in many ways during my studies. My wife’s family 

also deserves a great deal of appreciation from me for helping me out.  

Finally, I express my heartfelt gratitude and love to my adorable wife Helena, 

who made this book possible.  

15th  January, 2014  Marko Orajärvi 

 

 

 



9 

Abbreviations 

ANOVA Analysis of variance 

AP-1 Activator protein 1 

BMD Bone mineral density 

BSA Bovine serum albumin 

CDMP1 Cartilage-derived morphogenic protein 1 

ECM Extracellular matrix 

ER Estrogen receptor 

FSH Follicle-stimulating hormone 

HSD  Honestly significant difference 

ICC Intraclass correlation coefficient 

IL Interleukin 

KO Knockout 

LH Luteinizing hormone 

M-CSF Macrophage colony-stimulating factor 

MMP       Matrix metalloproteinase 

mRNA Messenger ribonucleic acid 

OA Osteoarthrosis 

OPG Osteoprotegerin 

PBS Phosphate-buffered saline 

PCNA Proliferating cell nuclear antigen 

PTHrP Parathyroid hormone-related protein 

RANK Receptor activator of nuclear factor kappa-B 

RANKL Receptor activator of nuclear factor kappa-B ligand 

RNA Ribonucleic acid 

RUNX Runt-related transcription factor 2 

TIMP Tissue inhibitor of metalloproteinase 

TMJ Temporomandibular joint 

TMD  Temporomandibular disorders 

TNF Tumor necrosis factor 

TRAP Tartrate-resistant acid phosphatase 

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling 

UTP Uridine 5'-triphosphate 

VEGF Vascular endothelial growth factor 

 

 



10 

 



11 

List of original articles 

This thesis is based on the following publications, which are referred throughout 

the text by their Roman numerals: 

I  Orajärvi M, Puijola E, Yu SB, Liu X, Tiilikainen P, Wang M, Raustia A, Pirttiniemi P 
(2012) Effect of estrogen and dietary loading on condylar cartilage. J Orofac Pain 26: 
328–36. 

II  Orajärvi M, Hirvonen O, Yu SB, Liu X, Tiilikainen P, Wang M, Raustia A, Pirttiniemi P 
(2011) Effect of estrogen and altered diet hardness on the expression of estrogen receptor 
alpha and matrix metalloproteinase-8 in rat condylar cartilage. J Orofac Pain 25: 261–8. 

III  Orajärvi M, Thesleff I, Hartikainen H, Raustia A, Pirttiniemi P. Effect of estrogen and 
food hardness on metabolism and turnover of condylar cartilage. J Oral Facial Pain 
Headache (In press).  

  



12 

 



13 

Contents 

Abstract 

Tiivistelmä 

Acknowledgements 7 

Abbreviations 9 

List of original articles 11 

Contents 13 

1  Introduction 15 

2  Review of literature 17 

2.1  Anatomy and function of the temporomandibular joint (TMJ) ............... 17 

2.2  Temporomandibular joint of the rat ........................................................ 18 

2.3  Mandibular condylar cartilage ................................................................ 19 

2.4  Mechanical loading of the temporomandibular joint .............................. 23 

2.5  Collagens of condylar cartilage ............................................................... 25 

2.6  Temporomandibular disorders (TMDs) .................................................. 25 

2.7  Role of gender in temporomandibular disorders ..................................... 26 

2.8  Estrogen .................................................................................................. 27 

2.8.1  Estrogen in bone remodeling ........................................................ 27 

2.8.2  Estrogen in cartilage remodeling .................................................. 29 

2.9  Matrix metalloproteinases (MMPs) and adiponectin .............................. 30 

3  Aims of the study 33 

4  Materials and methods 35 

4.1  Experimental animals .............................................................................. 35 

4.2  Ovariectomy ............................................................................................ 36 

4.3  Preparation of tissues .............................................................................. 36 

4.4  Histological procedures ........................................................................... 36 

4.4.1  Immunohistological procedures ................................................... 37 

4.4.2  In situ hybridization ...................................................................... 38 

4.4.3  Enzyme histochemistry (TRAP) ................................................... 38 

4.4.4  TUNEL labeling ........................................................................... 38 

4.5  Analysis ................................................................................................... 39 

4.5.1  Histomorphometric analysis ......................................................... 39 

4.5.2  Analysis of immunohistochemistry, in situ hybridization, 

and TRAP staining ....................................................................... 39 

4.5.3  Statistical analysis ........................................................................ 40 

5  Results 43 



14 

5.1  Changes in the histomorphology of condylar cartilage ........................... 43 

5.2  Immunohistochemistry ............................................................................ 48 

5.2.1  Type II collagen ............................................................................ 48 

5.2.2  Type X collagen ............................................................................ 49 

5.2.3  Estrogen receptor alpha (ERα) ..................................................... 49 

5.2.4  TRAP and cathepsin K ................................................................. 49 

5.2.5  MMP-3 and MMP-8 ..................................................................... 49 

5.2.6  PCNA ........................................................................................... 50 

5.2.7  Adiponectin .................................................................................. 50 

5.2.8  Apoptosis ...................................................................................... 50 

5.3  In situ hybridization with a type X collagen probe ................................. 51 

6  Discussion 53 

6.1  Role of estrogen and altered dietary loading in condylar cartilage 

remodeling .............................................................................................. 53 

6.1.1  Estrogen in bone metabolism ....................................................... 53 

6.1.2  Estrogen in cartilage remodeling .................................................. 55 

6.1.3  Differences between condylar cartilage and other 

cartilages of different joints .......................................................... 57 

6.1.4  Estrogen receptors of condylar cartilage ...................................... 58 

6.1.5  Collagens of condylar cartilage .................................................... 58 

6.1.6  Matrix metalloproteinases in cartilage remodeling ...................... 60 

6.1.7  Proliferative activity in condylar cartilage ................................... 61 

6.1.8  Adiponectin .................................................................................. 62 

6.1.9  Apoptosis of chondrocytes ........................................................... 63 

6.2  Adaptive capacity of condylar cartilage .................................................. 63 

7  Summary and conclusions 67 

References 69 

Original articles 91 

 



15 

1 Introduction 

The temporomandibular joint (TMJ) is a synovial joint enclosed by a fibrous 

capsule, and it attaches the mandible to the skull. The head of the mandibular 

condyle is covered by condylar cartilage, which functions as both growth and 

articular cartilage.  

Temporomandibular disorders (TMDs) are a wide group of pathological 

conditions involving pain and dysfunction in the masticatory system. The etiology 

of TMD is considered multifactorial, including female gender, traumas involving 

the head and mandible, and psychological factors. Studies have shown that 

females comprise the majority of TMD patients, having more symptoms and 

clinical signs than men. Because of this gender distribution, it has been suggested 

that the female sex hormone influences the pathogenesis of TMDs.  

Masticatory forces are transmitted to the condylar cartilage, and the hardness 

of a person’s diet partly defines the loading force. Condylar cartilage and the 

articular disc act as load-absorbing structures. Condylar cartilage is sensitive to 

loading, and an optimal level of loading is essential for condylar cartilage growth, 

maintaining both ideal proliferation and matrix production of chondrocytes.  

It can be suggested that sufficiently thick condylar cartilage is advantageous 

in maintaining the functional structure, because it has more strength and 

resiliency to withstand the forces created by mastication. Changes in the structure 

of mandibular condylar cartilage could compromise the normal function of the 

TMJ by altering the capability of condylar cartilage to tolerate mechanical forces, 

and thereby leading to degenerative changes.  

In this work the effect of estrogen deficiency and altered dietary loading on 

condylar cartilage was studied experimentally. The experimental animals were 

distributed to four groups depending on ovariectomy and diet consistency, and 

further to two distinct age groups. Expression of type II and X collagens, PCNA, 

adiponectin, ERα, MMP-3, MMP-8, TRAP, and cathepsin K was studied in order 

to investigate the mechanisms responsible for the changes in condylar cartilage 

caused by estrogen deficiency and altered dietary loading.  
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2 Review of literature 

2.1 Anatomy and function of the temporomandibular joint (TMJ) 

The temporomandibular joint (TMJ) is a synovial joint enclosed by a fibrous 

capsule, and it is the joint that attaches the mandible to the skull (Enlow 1990, 

Okeson 2008). The mandibular condyle articulates at the base of the skull in a 

concave portion of the temporal bone—the glenoid fossa (Fig. 1) (Okeson 2008). 

The articular disc separates these two bones—forming superior and inferior joint 

cavities—and functions as a third component of the joint, allowing the TMJ to 

perform various movements. The inner linings of the joint cavities are composed 

of specialized endothelial cells (synovial lining) that produce synovial fluid along 

with the synovial fringe located posteriorly to the articular disc.  

Fig. 1. A schematic illustration of the human TMJ. A) condyle, B) condylar cartilage, C) 

articular disc, D) glenoid fossa, E) superior synovial cavity, F) inferior synovial cavity, 

G) superior lateral pterygoid muscle, H) inferior lateral pterygoid muscle, I) retrodiscal 

tissues. 
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The articular surfaces of the condyle and glenoid fossa are lined with dense 

fibrous connective tissue, unlike other joints in the human body where hyaline 

cartilage constitutes a major part of the articular surface. 

The TMJ is classified as a ginglymoarthrodial joint, for it provides hinging 

movement in the sagittal plane, and also gliding movement, which is why the 

TMJ is regarded as both a ginglymoid and  an arthrodial joint (Okeson 2008).  

The TMJ is important for chewing, swallowing and talking, and it is probably 

one of the most complex and frequently loaded joints in the human body. The 

movements of the mandible in TMJ function are restricted by bony articular 

surfaces together with masticatory muscles (Brown 1975). Further, the articular 

surfaces are separated by the articular disc, which moves more or less freely 

between the condyle and glenoid fossa and interacts with TMJ function a great 

deal (Isberg & Westesson 1998).  

2.2 Temporomandibular joint of the rat 

The rat TMJ shows great similarity to the human TMJ both macroscopically and 

histologically (Fig. 2) (Porto et al. 2010, Orset et al. 2014). The articular disc of 

the rat TMJ is biconcave, and its position is the same as in humans (Porto et al. 

2010, Satoh et al. 2011). The human TMJ has an articular eminence in the 

temporal bone, whereas no articular eminence is found anteriorly in the rat TMJ 

(Orset et al. 2014). Rats also have a larger angle between the mandibular corpus 

and the condyle axis than humans (Orset et al. 2014).  

Rats are commonly used as experimental models in TMJ studies (Hinton & 

Carlson 1986, Bouvier 1988, Wadhwa & Kapila 2008, Ikeda et al. 2014). Besides 

rats, TMJ studies have also been conducted with pigs, cattle, monkeys and rabbits 

(Bermejo et al. 1993, Herring 2003). The TMJ shows great morphological and 

functional variation in different species (Herring 2003). Although the TMJ of 

some species—e.g., pigs and monkeys shares a closer resemblance to the human 

TMJ than others, ethical and practical reasons favor less developed animals 

(Bermejo et al. 1993, Herring 2003).  
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Fig. 2. Rat TMJ stained with toluidine blue. A) condyle, B) condylar cartilage, C) 

articular disc, D) glenoid fossa. 

The average laboratory rat lives approximately three years (Sengupta 2011). 

Onset of puberty in female rats is between 34-38 days (Engelbregt et al. 2000), 

and sexual maturity is reached at six weeks of age (42 days), in average (Kohn & 

Clifford 2002, Sengupta 2011, 2013). Although rats are skeletally mature at the 

age of seven months (Sengupta 2011), the condyle of rats achieves its mature 

morphology by 50 days of age (Furstman 1966, Luder 1996). All three molars of 

rats have been shown to erupt by the 35th day, and functional occlusion is 

complete at the age of 40 days (Hunt et al. 1970).  

2.3 Mandibular condylar cartilage 

In the early stage of human embryological development, there are three germ 

layers in the embryo: the ectoderm, mesoderm, and endoderm. Facial and skull 

bones—including the mandible—originate from cranial neural crest cells, which 

are a combination of the ectoderm and mesoderm (Enlow & Hans 1996, Dixon et 

al. 1997), whereas the rest of the skeleton is derived from the mesoderm (Noden 

1982, Leucht et al. 2008). Mandible formation begins with intramembranous 
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ossification at the 6th week in utero (Enlow & Hans 1996, Dixon et al. 1997). 

Ossification extends backwards and upwards, forming the body and ramus of the 

mandible. Secondary cartilage, i.e., mandibular condylar cartilage, forms during 

the 10th week i.u (Enlow & Hans 1996).  

Mandibular condylar cartilage is classified as fibrocartilage, as the most 

superficial layer of condylar cartilage is dense fibrous tissue, unlike knee joint 

articular cartilage, which is composed entirely of hyaline cartilage (Embree et al. 

2010, Delatte et al. 2004). However, condylar cartilage has similarity with 

articular cartilage, as well (Kantomaa et al. 1992), and condylar cartilage can be 

seen as a hybrid of fibrocartilage and hyaline cartilage (Girdler 1993).  

A major portion of condylar cartilage is the extracellular matrix (ECM). 

Major matrix components are proteoglycans and collagens. Type II collagen gives 

tensile strength, and aggrecan—a proteoglycan gives resiliency to cartilage 

(Roughley 2006).  

The cartilage of the mandibular condyle is located at the condylar head, and it 

is divided into four distinctive zones or layers depending on the classifications 

used in literature (Piette 1993, Luder 1996, Hinton & Carlson 2005, Burrows & 

Smith 2007) (Fig. 3). These four layers, beginning from the most superficial 

include a fibrous or articular layer, a proliferative or prechondroblastic layer, a 

chondroblastic or mature layer, and a hypertrophic layer. Right beneath the 

fibrous layer is the perichondrium which is continuous with the periosteum. 



21 

Fig. 3. The layers of rat mandibular condyle. a) fibrous layer, b) proliferative layer, c) 

chondroblastic layer, d) hypertrophic layer, e) subchondral bone. 

Mesenchymal cells of the perichondrium function as progenitor cells that can 

differentiate to chondroblasts or osteoblasts depending on humoral factors and 
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biomechanical forces (Hall 1979, Silbermann et al. 1983). Chondroblasts 

proliferate and divide by mitosis, and daughter cells remain within the same space, 

called the lacuna. Chondroblasts begin to produce the extracellular matrix. The 

proliferation of chondroblasts partly results in growth of cartilage. Chondroblasts 

increase in size and are then called chondrocytes, which produce the major part of 

the ECM. Since production of the ECM requires great effort from the cartilage 

cells, and as there is no vascular system in cartilage, chondroblasts and 

chondrocytes receive their nutrients through the aqueous phase of ECM 

(Kierszenbaum 2002).  

 The growth of condylar cartilage follows roughly the same pattern as the 

growth of epiphyseal cartilage. Chondrocytes increase in size by fluid influx, 

becoming hypertrophic chondrocytes. This results in the formation of longitudinal 

and transverse septa (Fig. 4), which begin to calcify. Calcification cuts out the 

supply of nutrients to chondrocytes, and cell death occurs.  

Blood vessels penetrate the transverse septa of the last hypertrophic 

chondrocyte layer adjacent to bone. Osteoblasts deposit osteoid along the 

calcified matrix, while osteoclasts in the cartilage-bone interface decompose 

remnant chondrocytes and the calcified matrix (Marchi et al. 1991). In the normal 

stage of cartilage turnover in adults, the deposit of new bone and resorption of old 

bone in certain areas is balanced, and no growth of condyle or mandible occurs 

when the active growth period is over. The number of cartilage cells in adult 

condylar cartilage decreases, and cartilage resorption by osteoclasts/chondroclasts 

is minimal (Luder 1996). Endochondral ossification ends in the adult condyle, 

and the subchondral bone plate is built and remodeled throughout adulthood, 

ending in a thicker subchondral bone with fewer marrow spaces (Lubsen et al. 

1987, Luder 1996).  Despite the previously mentioned studies, there is currently 

no conclusive theory on condylar cartilage turnover; Especially the cartilage-bone 

interface seems hard to define precisely, because it differs at least partly from the 

well-studied growth plate cartilage (Durkin et al. 1973, Lewinson & Silbermann 

1992, Suda et al. 1999).  
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Fig. 4. Highly magnified of hypertrophic chondrocytes. A) Transverse septum, B) 

Longitudinal septum. 

Although condylar cartilage is described as a growth centre, it is not a primary 

growth center in itself; rather it grows in response to environmental, controlling 

factors (Dixon et al. 1997). Nevertheless, normal growth of the mandible is not 

possible without active growth of condylar cartilage.  

The growth of condylar cartilage can be divided into three phases: I. growth 

in utero, II. growth from birth to 20-25 years of age in humans (from 5 days to 30 

days of age in rats), III. growth from 25 years of age onwards (from 30 days of 

age in rats) (Copray et al. 1988). Condylar cartilage is believed to possess a vast 

capacity for growth and remodeling (Proffit 2007, Shibata et al. 2012), especially 

at a young age, i.e., phase II (Copray et al. 1988). Condylar cartilage adapts to 

environmental influences and, consequently, alters chondrogenesis or 

endochondral ossification (Sakamoto & Takano 2012).   

2.4 Mechanical loading of the temporomandibular joint 

It has been shown that magnitude of bite force depends on the lengths of bite and 

muscle forces dictated by craniofacial morphology, the size of the jaw muscles, 

and the direction of the bite force (Van Eijden et al. 1990, Van Eijden 1990, 
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Raadsheer et al. 1999). Roughly 40-55% of total muscular force during 

mastication is distributed through condyles, and the rest through the occlusal 

surfaces (Faulkner et al. 1987).  

Masticatory forces are transmitted to the condylar cartilage, and the hardness 

of a person’s diet partly defines the power of mechanical loading. It has been 

suggested that the TMJ disc and articular cartilage function together in the joint 

because they provide strength and resiliency against high peaks of loading that 

occur during masticatory function (Scapino et al. 1996, Tanaka & Van Eijden 

2003, Tanaka et al. 2006). Condylar cartilage distributes the stress of loading and 

acts as a load-absorbing structure (Singh & Detamore 2008). It has been noted 

that condylar cartilage is sensitive to loading, and an optimal level of loading is 

essential for condylar cartilage growth, maintaining both ideal proliferation and 

matrix production of chondrocytes (Hinton 1993, Kantomaa et al. 1994, 

Pirttiniemi et al. 1996, Kiliaridis et al. 1999, Pirttiniemi et al. 2004).  

The masticatory sequence in rodents has been divided into two phases: 

incision and mastication (Thomas & Peyton 1983). Incisors cut hard substances 

and molars grind the food (Hunt et al. 1970). Decreasing incision function by 

shortening the incisors reduces the compressive forces at the TMJ, mainly 

because incision creates a more powerful load on the TMJ than mastication 

(Simon 1977, Hinton & Carlson 1986). It has been shown that a soft diet has the 

same effect as incisor shortening in reducing the force exerted on the TMJ 

(Hinton & Carlson 1986). A soft diet and incisor trimming have been shown to 

reduce cartilage thickness, and the thickness is restored when diet consistency is 

returned to hard pellets (Chen et al. 2009).  

Proliferation is defined as an increase in the number of cells resulting from 

cell growth and mitotic cell division. Proliferating cell nuclear antigen (PCNA) is 

a member of DNA clamps, and its function is essential for DNA replication 

(Moldovan et al. 2007, Mailand et al. 2013). PCNA is a protein that has been 

shown to interact with numerous factors taking part in DNA replication and cell 

cycle progression and regulation (Vivona & Kelman 2003, Beattie & Bell 2011).  

To understand the remodeling and growth of condylar cartilage, it is essential 

to examine the mechanisms of its adaptive ability. The principal reason why 

cartilage has developed in the condylar head is explained by an adjustment to 

mechanical function in embryogenesis (Meikle 2007). Murray showed that 

secondary cartilages develop only on membrane bone articulations that are mobile 

(Murray 1963). Paralyzed and grafted embryos do not develop cartilage; cells that 

normally would have produced cartilage, produce bone instead (Murray & Smiles 
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1965). However, there is contrasting evidence that condylar cartilage is able to 

develop in the absence of jaw-opening function (Vinkka-Puhakka & Thesleff 

1993), but the size of the condylar cartilage diminishes (Habib et al. 2005).  

It has been shown that condylar cartilage responds to changes in mechanical 

loading and articular functioning (Nakano et al. 2003, Shen et al. 2003). Various 

studies have shown that mandibular repositioning with orthodontic appliances 

enhances condylar growth, and therefore condylar cartilage seems to possess 

remodeling capabilities even further than natural growth (Rabie et al. 2003). 

Studies show that the condylar cartilage of adult rats is able to reactivate 

chondrogenesis and further increase bone formation in response to condylar 

repositioning i.e., mechanical stimulus (Chayanupatkul et al. 2003, Rabie et al. 

2004).  

2.5 Collagens of condylar cartilage 

The four main collagens of condylar cartilage are types I, II, III, and X. Type I 

collagen is expressed mainly in the superficial or fibrous layer in condylar 

cartilage (Wang et al. 2009). Type II collagen is expressed in the mature and 

upper hypertrophic layers in condylar cartilage (Visnapuu et al. 2000, Delatte et 

al. 2004). Mesenchymal cells produce type I collagen, and when the cells 

differentiate to chondrocytes, they begin to produce type II collagen (von der 

Mark 1980). Type III collagen is associated with fibrous repair tissue, and it’s 

expression location seems to be dependent on the trauma site (Salo & Raustia 

1995). In the physiological or normal state, however, type III collagen is 

expressed in small amounts in the superficial layer of condylar cartilage (Delatte 

et al. 2004). Type X collagen is synthesized and expressed in the mature and 

hypertrophic chondrocyte layers (Salo et al. 1996, Teramoto et al. 2003).  

2.6 Temporomandibular disorders (TMDs) 

Temporomandibular disorders (TMDs) are a wide group of pathological 

conditions involving pain and dysfunction in the masticatory system (Okeson 

2008, Cairns 2010). A common clinical sign is pain in the TMJ and masticatory 

muscles, which can radiate to the oral, facial, and cranial regions. TMDs are often 

accompanied by limitations and dysfunction of mandibular movements, and may 

involve changes in the hard and soft tissues of the TMJ structure. Clicking of the 
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TMJ is common in young adults, but it has not been shown to predict TMJ 

locking (Könönen et al. 1996).   

TMDs can be classified into two primary diagnostic categories: 1. 

arthrogenous and 2. myogenous (Kuttila et al. 1998). Some patients may have 

signs that fit both of these subgroups, and the classification for them is combo-

group (de Leeuw et al. 1994, 1994). Depending on the criteria used to diagnose 

TMD, in epidemiologic studies the prevalence of TMD symptoms in the adult 

population varies between 25%-50%, and clinical signs, between 40%-90% (De 

Kanter et al. 1993, Carlsson & LeResche 1995, Carlsson 1999). Symptoms of 

TMD are most common at 35-50 years of age (Kuttila et al. 1998, Al-Jundi et al. 

2008, Anastassaki Köhler et al. 2012).  

The etiology of TMDs is considered multifactorial, including female gender 

(Warren & Fried 2001), traumas involving the head and mandible (Häggman-

Henrikson et al. 2002) and psychological factors (Ferrando et al. 2004). The role 

of occlusion in the etiology of TMDs is unclear. Recent studies and analyses 

suggest that the influence of occlusion on the outset and development of TMDs is 

low (McNamara et al. 1995, Türp & Schindler 2012). However, there is evidence 

that people with a previous history of TMD treatment generated significantly 

more symptoms of a TMD than did healthy people when artificial interferences 

were applied to their occlusion (Le Bell et al. 2002). TMDs are currently 

considered to be largely musculoskeletal disorders (Manfredini et al. 2011) that 

play a part in manifold group of orofacial pains (De Laat 2001), showing 

similarities to chronic pain patients (Dworkin & Massoth 1994, Von Korff & 

Dunn 2008).  

2.7 Role of gender in temporomandibular disorders 

Studies have shown that females make up the majority of TMD patients, having 

more symptoms and clinical signs than men (De Kanter et al. 1993, Kuttila et al. 

1997, Carlsson 1999, Johansson et al. 2003, Rutkiewicz et al. 2006).   

Women have higher frequency and severity of TMDs than men, and they seek 

medical treatment three times more often than men (Povera Roda et al. 2007). 

Women are more likely to have persistent TMD symptoms than men, implying 

that disease progression is different between genders (Wänman 1996, Kamisaka 

et al. 2000, Marklund & Wänman 2007). TMD-associated pain is more prevalent 

in adolescent girls than in boys (List et al. 1999, Suvinen et al. 2004), and it 

becomes more prevalent in adulthood (Wahlund 2003). Because of this age and 
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gender distribution, it has been suggested that the female sex hormone influences 

its pathogenesis (Meloto et al. 2011, Warren & Fried 2001).  

Juvenile idiopatic arthritis (JIA) includes all types of athrides that appear 

before age of 16 (Ravelli & Martini 2007), and 50%-78% of JIA patients show 

condylar lesions (Sidiropoulou-Chatzigianni et al. 2001, Billiau et al. 2007). Girls 

have more TMJ lesions than boys, similarly to TMD (Karhulahti et al. 1990).  

2.8 Estrogen  

Estrogens are a group of compounds commonly known as female hormones. The 

three naturally occurring estrogens are estrone (E1), estradiol (E2), and Estriol 

(E3) (Seeger et al. 2003, Ganong 2005). Estrogen affects the target tissue by 

binding to its receptor α and β isoforms (Simpson 2002, Talwar et al. 2006). 

Estradiol (17β-estradiol) is the most potent and principal ligand for both ERα and 

ERβ in the estrogen family (Simpson 2002).  

Estradiol is primarily synthesized and secreted by granulosa cells in the 

ovarian follicles, the placenta, and the corpus luteum, although some amount of 

estradiol is formed in peripheral tissues, e.g., adipose tissue, bone, and the brain 

(Ganong 2005). Production of estrogen in humans begins in the hypothalamus, 

which regulates the anterior pituitary gland and its secretion of luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH). LH stimulates theca cells 

in the ovarian follicles to convert cholesterol to androgens, which the theca cells 

then supply to the granulosa cells. The aromatizing enzyme (CYP19) in the 

granulosa cells further converts testosterone into estradiol and androstenedione 

into estrone (Czajka-Oraniec & Simpson 2010). FSH facilitates the secretion of 

estradiol in the granulosa cells by enhancing aromatizing enzyme (CYP19) 

activity (Ganong 2005, Granner 2003).  

2.8.1 Estrogen in bone remodeling 

Bone metabolism and turnover is a lifelong process regulated by osteoclasts that 

resorb old bone and osteoblasts which form new bone (Kearns et al. 2008). One 

of the most important discoveries in bone metabolism research was finding the 

RANK/RANKL/OPG system in the late 1990s (Anderson et al. 1997, Wong et al. 

1997, Lacey et al. 1998, Yasuda et al. 1998). Bone resorption is dependent on 

RANKL (receptor activator of nuclear factor κ-B ligand), which is crucial for 

osteoclast formation, activity, and survival in bone remodeling (Kearns et al. 2008, 
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Jules et al. 2010). Osteoblasts synthesize osteoprotegerin (OPG)—which acts as a 

decoy receptor for RANKL—to prevent the cell-surface receptor RANK on 

mature and precursor osteoclasts from activating (Kierszenbaum 2002, Kearns et 

al. 2008, Atkins 2012). The capability of OPG to cause persistent and rapid 

reduction in osteoclast numbers is unique when compared with other anti-

resorptive factors (Kearns et al. 2008). Active osteoclasts secrete protons by 

various mechanisms to create an optimal acid microenvironment of resorption 

lacuna, where dissolution of the inorganic bone matrix begins (Kornak et al. 2000, 

Frattini et al. 2000, Le Gall et al. 2008). Osteoclasts secrete cysteine proteinase 

cathepsin K—active at low pH (Bossard et al. 1996, Gowen et al. 1999)—which 

degrades the demineralized collagenous matrix of bone, mainly type I collagen 

(Everts et al. 2002). Cathepsin K is predominantly expressed in osteoclasts 

(Tezuka et al. 1994, Rantakokko et al. 1996, Brömme & Lecaille 2009, Cusick et 

al. 2012) and its expression correlates well with bone resorption (Mano et al. 

1996, Littlewood-Evans et al. 1997, Kakudo et al. 1997). Tartrate-resistant acid 

phosphatase (TRAP)—an enzyme produced in osteoclasts—is widely used as a 

marker for osteoclasts (Minkin 1982, Kirstein et al. 2006). Although the role of 

TRAP is not completely understood, it is believed to assist in bone resorption 

(Vääräniemi et al. 2004, Kirstein et al. 2006).  

Estrogen is a major hormonal regulator of bone metabolism in both genders, 

and it is involved in bone homeostasis regulation through various different 

mechanisms (Clarke & Khosla 2010, Khosla et al. 2012). The role of estrogen in 

bone metabolism is studied widely, but the mechanisms of the effect caused by 

estrogen are not thoroughly understood. The two most important functions of 

estrogen are inhibition of bone resorption and regulation of bone formation 

(Garnero et al. 1996, Pacifi 1998, Khosla et al. 2012). Numerous routes by which 

estrogen inhibits bone resorption are currently known. Estrogen is able to 

suppress bone resorption by increasing OPG production (Hofbauer et al. 1999, 

Bord et al. 2003, 2004). According to recent studies, estrogen may shorten the life 

span of osteoclasts via apoptosis directly by ERα on the osteoclast surface 

(Nakamura et al. 2007, Martin-Millan et al. 2010). Estrogen suppresses RANKL 

and macrophage colony-stimulating factor (M-CSF) -induced differentiation of 

osteoclast precursor cells by down-regulating activator protein 1 (AP-1) (Shevde 

et al. 2000). AP-1 regulates gene expression in response to a variety of stimuli, 

e.g., humoral factors, cytokines, and growth factors. Estrogen is known to 

negatively regulate expression of many cytokines such as interleukin-1 (IL-1) and 

IL-6 (Zallone 2006, Manolagas et al. 2002). Complex interactions between the 
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immune system, the skeletal system, and hormonal factors make defining 

estrogen’s exact role and pathway difficult.  

2.8.2 Estrogen in cartilage remodeling 

Estrogen affects chondrocytes of cartilage directly through hormone receptors 

ERα and ERβ, and possibly indirectly by modulating the production of cytokines, 

matrix metalloproteinases and growth factors (Tankó et al. 2008, Lee et al. 2012). 

ERα and ERβ are expressed in chondrocytes (Ushiyama et al. 1999) and 

subchondral bone (Oshima et al. 2007). Estrogen is a pivotal hormone in normal 

human skeletal development and, for example, the closure of the epiphysis in 

puberty (growth plate cartilage replaced by bone) is dependent on estrogen, even 

in males (Caracini et al. 1997, Rochira et al. 2001).  

Estrogen seems to have two distinct effects on cartilage, depending on the 

joint type. A majority of studies have shown that estrogen has a protective role in 

articular cartilage homeostasis (Kamiya et al. 2013, Tankó et al. 2008, Karsdal et 

al. 2014). Ovariectomy induces articular cartilage degradation, and there are 

histopathological features of osteoarthrosis in the knee cartilage of rats and 

cynomolgus monkeys (Carlson et al. 1994, Høegh-Andersen et al. 2004, 

Oestergaard et al. 2006).  

In condylar cartilage, estrogen does not demonstrate the chondroprotective 

features that are observed in articular cartilage. Ovariectomy increases the 

thickness of condylar cartilage in young rats (Okuda et al. 1996, Yasuoka et al. 

2000), and this increase is reversed when estrogen is administered exogenously 

(Yasuoka et al. 2000). ER beta knockout mice have shown thicker mandibular 

condylar cartilage and an increased number of cartilage cells, signifying the direct 

effect of estrogen on condylar cartilage (Kamiya et al. 2013). Additional estrogen 

in culture studies has been shown to inhibit the proliferation of condylar cartilage 

cells (Talwar et al. 2006).  

RANKL is a cytokine that belongs to the tumor necrosis factor (TNF) 

superfamily, and it is involved not only in bone remodeling, but in cartilage as 

well (Tat et al. 2009). RANKL is thought to be a key component in bone and 

cartilage destruction in rheumatoid arthritis (Theill et al. 2002). RANK and 

RANKL expression have been shown to localize in chondrocytes (Lacey et al. 

1998, Hsu et al. 1999). In normal cartilage, OPG, RANK, and RANKL mRNA 

are localized in the superficial zone of human articular cartilage, and in 

osteoarthrosis localization is extended to the middle zone of cartilage (Komuro et 
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al. 2001). RANKL-defective mice have shown disturbed cartilage morphology 

and chondrocyte organization in the growth plate (Kong et al. 1999). 

2.9 Matrix metalloproteinases (MMPs) and adiponectin 

Matrix metalloproteinases are zinc-dependent proteinases (Zitka et al. 2010, Vo et 

al. 2013); currently 25 different forms are recognized (Iyer et al. 2012). Most 

members of the MMP family have the same basic structure: cysteine residue pro-

domain, catalytic domain, hinge domain, and hemopexin domain (Page-McCaw 

et al. 2007, Kim & Joh 2012). MMPs are expressed as inactive enzyme 

precursors—zymogens—and they have a signal peptide in the pro-domain, which 

is cleaved before secretion (Van Wart & Birkedal-Hansen 1990, Page-McCaw et 

al. 2007). Zinc is located in the active site of MMP, and it is auto-inhibited by the 

pro-domain to prevent catalysis. 

Fig. 5. Basic structure of MMP. 

When the catalytic domain is cleaved from the pro-domain, the active site 

becomes capable of cleaving substrates (Hadler-Olsen et al. 2013). MMP activity 

can be regulated by affecting RNA expression, protein synthesis, transporting, 

secretion, extracellular localization, activation of precursor form, and expression 

of their endogenous inhibitors TIMPs (Polette et al. 2004, Page-McCaw et al. 

2007).  

The most important function of MMPs is to create a suitable cellular 

environment for the developmental and morphogenetic phases (Visse and Nagase 
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2003). MMPs participate in ECM degradation, remodelling, and tissue repair 

(Nagase & Woessner 1999). In physiological conditions MMP activity is 

controlled, but when unbalanced, tissue degradation might become too extensive, 

resulting in various common diseases such as arthritis, aneurysm, atherosclerosis, 

or fibrosis (Nagase et al. 2006).  

In the early days of MMP research, MMPs were thought to serve solely 

negative functions such as catabolic degrading (Iyer et al. 2012), but the 

consensus today is that the outcome of MMP expression is ultimately dependent 

on the target tissue and the MMP in question.  

MMP-8 cleaves type I, II and III collagens, and it can cleave the triple helix 

of collagen, and this way allows other domain-specific MMPs to degrade the 

collagen chain to a further extent (Vincenti & Brinckerhoff 2002). MMP-8 has 

been found in arthritic cartilage, and it seems that chondrocytes can produce it 

(Tetlow et al. 2001). MMP-8 expression seems to have a protective role in tongue 

and breast cancer (Montel et al. 2004, Korpi et al. 2008).  

MMP-3, also known as stromelysin-1, degrades a broad spectrum of matrix 

proteins in cartilage, e.g., elastin, laminin, and aggrecan (Ye et al. 1996, Burrage 

2006). High expression of MMP-3 has been associated with condylar cartilage 

degradation caused by a soft powdery diet in rats (Pirttiniemi et al. 2004). High 

expression of MMP-3 has been reported after traumatic loading of cartilage 

(Patwari et al. 2001, Lee et al. 2005) and in osteoarthritis (Towle et al. 1998, 

Ishiguro et al. 1999). Stromelysins can degrade a broad spectrum of target 

proteins in the extracellular matrix, and MMP-3 expression can be linked directly 

to proteoglygan loss (Bonassar et al. 1995), and activation of proMMP-1 

(Unemori et al. 1991).   

Adiponectin, found in 1996 (Maeda et al. 1996), is a protein hormone 

secreted solely by adipose tissue (Santaniemi et al. 2006). It is found abundantly 

in plasma (Arita et al. 1999) and it participates in various metabolic events such 

as glucose metabolism by acting as an insulin sensitizer (Halleux et al. 2001, 

Santaniemi et al. 2006), atherosclerosis, and lipid oxidation (Ouchi et al. 2001). 

Adiponectin affects via two receptors: AdipoR1 and AdipoR2. AdipoR1 is mainly 

expressed in skeletal muscle tissue, and it is found in cartilage as well (Chen et al. 

2006, Gomez et al. 2009, Tong et al. 2011). Unlike other hormones secreted by 

adipose tissue, adiponectin serum levels and mRNA are decreased in obesity (Hu 

et al. 1996, Arita et al. 1999). A high adiponectin serum level is considered a 

protective agent in many diseases such as atherosclerosis and metabolic syndrome 

(Stefan et al. 2003, Ranheim et al. 2004). It is not clear why abnormally high 
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adiponectin levels have been detected in the synovial fluid of osteoarthrosis 

patients (Schäffler et al. 2003). The role of adiponectin in cartilage metabolism is 

unclear.  
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3 Aims of the study 

The aims of the present study were:  

1. to investigate the effect of estrogen and altered dietary loading on the 

histomorphology of condylar cartilage,  

2. to study how cellular events (proliferation, apoptosis) and expression of 

various biomolecules (type II and X collagens, MMP-3, MMP-8, adiponectin, 

ERα, TRAP, and cathepsin K) associated with the formation and turnover of 

condylar cartilage are changed during estrogen deficiency and/or altered 

dietary loading in female rats,  

3. to investigate and find possible explanations for the macroscopic and 

biochemical changes in condylar cartilage composition caused by estrogen 

deficiency and/or altered dietary loading. 
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4 Materials and methods 

4.1 Experimental animals 

In Papers I and II, 36 female Sprague Dawley rats were divided into four groups: 

10 ovariectomized rats fed a normal diet (pressed pellet, Landsmännen R36, 

Lactamin AB, Kimstad, Sweden), 8 non-ovariectomized control rats fed a normal 

diet, 10 ovariectomized rats fed a soft diet (powder, Landsmännen R36, Lactamin 

AB, Kimstad, Sweden), and 8 non-ovariectomized control rats fed a soft diet 

(Table 1). The rats were weaned at the age of 21 days. The rats in the 

experimental groups were ovariectomized at the age of 60 days. Seven days after 

the operation the rats were sacrificed at the age of 67 days (Table 1).   

In Paper III the distribution of experimental animals was similar to Papers I 

and II in the division into diet and experimental groups (Table 2). Twenty-nine 

rats were sacrificed at the age of 67 days and the remaining 27 rats, at the age of 

87 days (Paper III) (Table 2).   

The animal experiments were approved by the National Animal Experiment 

Committee of Finland and the experiments were determined to be ethically 

acceptable, considering the minimal harm caused to the animals.   

Power analysis was used to ascertain the proper sample size for the present 

experiment. The sample size was calculated with Russell V. Lenth’s (University 

of Iowa, USA) computer software (Russel 2006). The power of the experiment 

was defined as 0.95, effect size was 1.02, and the number of animals to be used 

per group was obtained. The required effect size (Cohen, 1988) was calculated 

from the measurements of a previous study (Tiilikainen et al., 2011).  

Table 1. Distribution of experimental animals (Papers I and II). 

Diet Ovariectomized Control Age 

Normal 10 rats 8 rats 
67 days 

Soft 10 rats 8 rats 
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Table 2. Distribution of experimental animals (Paper III). 

Diet Ovariectomized Control Age 

Normal 6 rats 8 rats 
67 days 

Soft 9 rats 6 rats 

Normal 6 rats 8 rats 
87 days 

Soft 6 rats 7 rats 

4.2 Ovariectomy 

Ovariectomy was performed on the rats at the age of 60 days (Papers I-III). 

Anesthesia was administered via subcutaneous injection of Hypnorm Dormicum 

(fluanison + fentanyl + midazolam), and continued with isofluran inhalation. 

Carpforen and buprenorfine were administered subcutaneously to the rats before 

the operation, and once a day for three days after the operation. The ovariectomy 

was performed through one dorsal midline skin incision, which was pulled down 

on each side by turns, and the abdominal wall was penetrated with scissor tips 

over the site of the ovary. The ovary was pulled out by grasping the fat tissue, the 

tip of the uterine horn was clamped with a hemostat, and the ovary was cut off 

with scissors between the oviduct and the uterine horn. The uterine horn was 

pushed back into the abdominal cavity. The skin was closed with absorbable 

mattress sutures. 

4.3 Preparation of tissues 

The rats were sacrificed with carbon dioxide, and after death was ascertained, the 

rats were decapitated. The cranium of each rat was placed in a 4 % formalin 

solution for fixation. After 24 hours of fixation, the cranium was hemisectioned in 

the midsagittal direction. The hemicranium was decalcified with 5 % formic acid, 

heated in a microwave oven (Micromed T/T MEGA) at 37 °C for 130 hours, and 

then, after laboratory procedures, embedded in paraffin. Sagittal sections 5 μm 

thick were cut from the left and right TMJs for later staining. 

4.4 Histological procedures 

Deparaffinized sections were stained with toluidine blue, and the most central 

sagittal sections of the TMJ were selected for all further analyses.  
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4.4.1 Immunohistological procedures 

In Paper I deparaffinized specimens were exposed to 0.2 % H2O2 for 30 minutes 

at room temperature for peroxidase omission. Sections of MMP-8 staining were 

then treated with 0.4 % pepsin for 60 minutes at 37 °C and ER-α receptor with 

DAKO citrate buffer for 25 minutes at 98 °C in a microwave oven. Normal goat 

serum [diluted 1:20 in phosphate-buffered saline (PBS), 0.1 % bovine serum 

albumin (BSA)] for ER-α was used to block nonspecific binding of antibodies. 

The sections were incubated with primary antibody: rabbit polyclonal anti ER-α 

(Santa Cruz Biotechnology Inc., California, USA, 200 µg/mL stock diluted 1:100 

in PBS, 0.1 % BSA), and rabbit polyclonal anti-MMP-8 (Chemicon International 

Inc, California USA, 1 mg/mL diluted in 1:3000 in PBS, 0.1% BSA). After 

insertion of primary antibody, the ER-α specimens were placed in a refrigerator at 

+4°C and kept there overnight. The MMP-8 specimens were incubated with 

primary antibody for 50 minutes, then incubated 30 min with a DAKO Kit 

(Denmark). The immunostaining was visualized with a Vectastain Elite kit (Vector, 

Burlingame, CA, USA) using peroxidase and diaminobenzine substrate. The 

sections were counterstained with Mayer’s hematoxylin. 

In Paper II the sections were incubated with monoclonal type II collagen 

antibody (US Bio Logical, Swampscott, USA, diluted 1:1000 in PBS, 0.1 % 

BSA), monoclonal type X collagen antibody (Quartett Immunodiagnostika & 

Biotechnologie GmbH, Berlin, Germany, diluted 1:100 in PBS, 0.1% BSA), and 

polyclonal MMP-3 antibody (Santa Cruz Biotechnology, California, USA, diluted 

1:100 in PBS, 0.1 % BSA) overnight at +4 °C.  

In Paper III the sections were pre-incubated with monoclonal type X collagen 

antibody (Quartett Immunodiagnostika & Biotechnologie GmbH, Berlin, 

Germany, diluted 1:100 in PBS, 0.1% BSA) and Cathepsin K (Biovendor, Brno, 

Czech Republic, diluted to 1:7000 in PBS, 0.1% BSA) at +37°C for 30 minutes. 

After pre-incubation the sections were incubated overnight at +4°C. Negative 

controls were incubated with non-immunoserum diluted in the same way as the 

primary antibodies (DAKO, Denmark). 

Monoclonal mouse anti-PCNA (AbD Serotec, Oxford, UK, diluted to 1:800 

in DAKO solution) and monoclonal mouse anti-adiponectin (abcam, Cambridge, 

UK, diluted to 1:500 in DAKO solution) were stained with a DAKO kit (DAKO, 

Glostrup, Denmark) following the basic protocol. Primary antibody incubation for 

both antibodies was at room temperature for 30 minutes. For negative controls, 

DAKO non-immuno serum was used.  
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All antibodies were tested according to provided datasheet, and positive and 

negative controls were used (Papers I-III). 

4.4.2 In situ hybridization 

Radioactive in situ hybridization on paraffin sections was carried out according to 

standard protocols (Wilkinson & Green, 1990, Suomalainen & Thesleff, 2010). 

35S-UTP-labeled probes (Amersham) were used to detect expression of type X 

collagen (Apte et al., 1992). Exposure time was 14 days at +4°C. 

4.4.3 Enzyme histochemistry (TRAP) 

A TRAP (tartrate-resistant acid phosphatase) Kit (Sigma-Aldrich, St. Louis, MO, 

US) was used to stain deparaffinized sections of TMJ. The staining was 

performed by following the exact procedure within the kit. Positive and negative 

control was used in the staining.  

4.4.4 TUNEL labeling 

A TUNEL apoptosis kit (Roche, Penzberg, Germany) was used to measure the 

amount of apoptotic cells in the TMJ samples. Deparaffinized sections of the 

condylar head were tested with three different pre-treatments: 0.4 % pepsin for 60 

minutes at 37 °C, a citrate buffer for 25 minutes at 98 °C in a microwave oven, 

and an EDTA citrate solution in a microwave oven for 25 minutes. A negative 

control was prepared according to the instructions within the kit.  

For further analysis of apoptosis, monoclonal mouse anti-p53 (DAKO, Glostrup, 

Denmark) was applied to the deparaffinized samples. Staining was performed 

according the standard DAKO kit procedure. Three different pre-treatments—

described above with TUNEL—were used. TUNEL and anti-p53 were tested 

according to datasheet provided, and positive and negative controls were used.  
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4.5 Analysis 

4.5.1 Histomorphometric analysis 

The deparaffinized sections were stained with toluidine blue. For the analysis, the 

condylar head was divided sagittally into anterior, most superior and posterior 

segments of equal length. The center of the most superior segment was defined 

horizontally as the point of the condylar surface opposite the thinnest middle part 

of the articular disc. The same criteria for segmenting the condylar surface has 

been used in previous studies (Pirttiniemi et al. 1996). In Paper I the total 

thickness and number of cells was measured in all three segments of condylar 

cartilage. The thickness was measured by drawing a perpendicular line from the 

top of the fibrous layer to the cartilage-bone interface. The number of cells 

pierced by the line was calculated. In Paper II the thickness of each cartilage layer 

was measured in the most superior segment.  

Similar methods were used in Paper III, except that condylar head was 

divided into three segments in a slightly different manner. The center point of the 

most superior segment was defined as the point where the articular disc was 

thinnest. The measurement points of the anterior and posterior segments of the 

condylar head were defined to be 1000 µm from the center point of the most 

superior segment. The rationale for the 1000 -µm distance was that thereby each 

condylar head was divided in the same way regardless of the shape of the 

condylar head. In Paper III the thickness of condylar cartilage was measured at 

the center point of each of the three segments by drawing a perpendicular line 

from the top of the fibrous layer to the cartilage-bone interface.  

4.5.2 Analysis of immunohistochemistry, in situ hybridization, and 

TRAP staining 

In Papers I and II the samples were examined with an image analyzer in a light 

microscope at 20x magnification (Leica Leitz, Wetzlar Germany). The software 

was Leica Qwin V3. In Paper III the software was ImageJ (Maryland, USA). For 

the analysis the most central part of the condyle was defined. A defined frame 

(width 1500 μm) was drawn at the most central and superior point of the condyle 

and the height of the box was related to the thickness of the cartilage so that its 

upper border was at the surface of the cartilage and the lower border was on the 

line between the cartilage and subcondylar bone. The number of positively and 
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negatively stained cells in the condylar cartilage inside the frame was registered. 

A proportional amount of staining was calculated by dividing the number of 

positively stained cells by the total number of cells. This method was used in 

immunohistological stainings that stained the nucleus or cytoplasm of cartilage 

cell. These stainings included MMP-3 (Paper I), MMP-8 and ER-α (Paper II), 

PCNA and adiponectin (Paper III).  

For in situ, proportional expression of type X collagen mRNA was analyzed 

in a method similar to the one described previously. In in situ hybridization 

analysis, proportional expression and localization of type X collagen were 

evaluated. 

In Paper II the samples were examined with an image analyzer in a light 

microscope at 2.5x magnification. The area (µm2) that was stained positively 

against the antibodies of type II and X collagens was measured by drawing 

outlines for the stained area with a Leica Qvin V3 application.  

In Paper III the area stained against type X collagen expression was measured 

with a microscope at 2.5x magnification and an image analyzer, ImageJ. Type X 

collagen staining was visualized by applying color filters and adjusting the 

threshold. The extracellular area (µm2) stained against antibody was calculated 

automatically with ImageJ. 

Cathepsin K and TRAP analyses were performed with a microscope and an 

ImageJ image analyzer. The image of the condylar head at the most central point 

(the point where the articular disc was thinnest) was taken with the same settings 

for each specimen to ensure that exactly the same portion of the condylar head 

was visible in all the images and that they were therefore comparable. 

Magnification of 10x was used for this analysis; the image covered a large area of 

the condylar head and was accurate enough for the measurements. A color filter 

and an adjusted threshold was applied to each image. The number of osteoclasts 

(cathepsin K and TRAP positive cells) was measured automatically with ImageJ 

particle analysis. The analysis also registered the area of each particle stained 

against antibody. 

4.5.3 Statistical analysis 

Statistical analyses were done with SPSS (SPSS Inc., Chicago, US). In Papers I 

and II the repeated measures ANOVA test was selected for the variables of 

cartilage layer thickness and cartilage total thickness. The side of the condyle (left 

vs. right) was used as a repeated measure. In Paper I the values measured and 
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tested for differences with repeated measures ANOVA included thickness (µm) 

and the number of cells in three segments of cartilage, the amount of type II and 

X collagens (µm²), and the proportional amount of MMP-3 positive cells in 

condylar cartilage. In Paper II the variables of ERα and MMP-8 were analyzed 

with Duncan’s multiple comparison test.  

In Paper III variance analysis (ANOVA) was used in all analyses. Tamhane’s 

T2 was used as a post hoc test with the data on the number and average size of 

osteoclasts in 87-day-old rats. Tukey’s HSD (Honestly Significant Difference) 

was used as a post hoc test with all the rest of the data in the present study.  

In Papers I-III a difference of p < 0.05 was defined as statistically significant. 

All the measurements were performed by mixing samples and measuring them 

blindly. Measurements of each staining were performed by one investigator at a 

time. The Intraclass correlation coefficients (ICC) were 0.920 for the cell count, 

0.810 for MMP-3, 0.970 and 0.988 for type II and X collagen stained area, 

respectively (paper I). The ICC for the cartilage thickness measurements was 

0.990 (Papers I and II), and 0.972 (paper III), and 0.819 for ERα and MMP-8 

(Paper II).  
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5 Results 

5.1 Changes in the histomorphology of condylar cartilage 

Condylar cartilage was thicker in ovariectomized rats when compared with 

control rats (Papers I-III) (Figures 6, 7, 9, and 10). Rats in the normal diet groups 

had thicker condylar cartilage and layers when compared with rats in the soft diet 

groups. The number of cells was higher in ovariectomized rats fed a normal diet 

when compared with control rats fed a normal diet. The ovariectomized rats fed a 

soft diet had the highest number of cells in condylar cartilage of all the rat groups. 

The highest number of cartilage cells was found in ovariectomized rats fed a soft 

diet in all three segments (Paper I) (Figures 7 and 8). 

The thickness of the proliferative layer was largest in the ovariectomized rats 

fed a soft diet. The proliferative layer was thinnest in the soft diet control group. 

The ovariectomized normal diet group had a thicker chondroblast layer compared 

with the normal diet control group and compared with the ovariectomized soft 

diet group. The chondroblast layer was thinnest in the soft diet control group. 

(Paper II) (Figures 6 and 7). 

The differences in the thickness of condylar cartilage were similar in both age 

groups, but more significant between the older (87-day-old) rat groups (Paper III) 

(Figures 9 and 10).  
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Fig. 6. Box plot diagrams illustrating the thicknesses of two condylar cartilage layers 

(proliferative layer and chondroblast layer) in 67-day-old rats. A difference of p < .001 

is marked with ***, a difference of p < .01 with **, and a difference of p < 0.05 with *.  
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Fig. 7. Box plot diagram illustrating the thicknesses of three segments of condylar 

cartilage in 67-day-old rats (Paper I). A difference of p < .001 is marked with ***, a 

difference of p < .01 with **, and a difference of p < 0.05 with *. 
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Fig. 8. Box plot diagram illustrating the number of cells in condylar cartilage of 67-

day-old rats (Paper I). A difference of p < .001 is marked with ***, a difference of p < .01 

with **, and a difference of p < 0.05 with *. 



47 

Fig. 9. Box plot diagram illustrating the thicknesses of three segments of condylar 

cartilage in 67-day-old rats (Paper III). A difference of p < .001 is marked with ***, a 

difference of p < .01 with **, and a difference of p < 0.05 with *.  
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Fig. 10. Box plot diagram illustrating the thicknesses of three segments of condylar 

cartilage in 87-day-old rats (Paper III). A difference of p < .001 is marked with ***, a 

difference of p < .01 with **, and a difference of p < 0.05 with *. 

5.2 Immunohistochemistry 

5.2.1 Type II collagen 

The area of type II collagen was highest in the ovariectomized group on a normal 

diet and lowest in the control group on a soft diet. The area of type II collagen 

was significantly higher in the ovariectomized rats than in the control rats in both 

the soft and normal diet groups (p < 0.01) (Paper I).  
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5.2.2 Type X collagen 

Type X collagen protein was localized in the extracellular matrix of the 

chondroblastic and hypertrophic layers of condylar cartilage. The 87-day-old 

ovariectomized rats fed a normal diet had a significantly larger area expressing 

type X collagen than the control rats fed a normal diet (p < 0.001). In the 87-day-

old group the control rats fed a soft diet had a significantly larger area expressing 

type X collagen than the control rats fed a normal diet (p < 0.001). The 87-day-

old ovariectomized rats fed a soft diet had a significantly smaller area expressing 

type X collagen than  the ovariectomized rats fed a normal diet (p < 0.01) (Papers 

I and III).  

5.2.3 Estrogen receptor alpha (ERα) 

The proportional number of cells expressing ERα was statistically significantly 

higher (p < 0.001) in the condylar cartilage of ovariectomized rats than in control 

rats in both the normal and soft diet groups (p < 0.001). Ovariectomized rats fed a 

normal diet had a significantly higher amount of ERα-positive cells than 

ovariectomized rats fed a soft diet (p < 0.001) (Paper II).   

5.2.4 TRAP and cathepsin K 

The staining for cathepsin K and TRAP indicated that the 67-day-old 

ovariectomized rats fed a soft diet had a significantly larger average size of  

osteoclasts than the control rats (p < 0.05). The 87-day-old ovariectomized rats in 

both diet groups had a significantly lower number of osteoclasts in condylar 

cartilage than the corresponding control rats (p < 0.05). The 87-day-old 

ovariectomized rats fed a normal diet had a significantly higher number of 

osteoclasts than the ovariectomized rats fed a soft diet (p < 0.01). The average 

size of the osteoclasts in the 87-day-old ovariectomized rats was significantly 

smaller than in the control rats (p < 0.01) (Paper III).  

5.2.5 MMP-3 and MMP-8 

Ovariectomized rats had a significantly higher proportional amount of cells 

expressing MMP-3 in condylar cartilage when compared with control rats, in both 

dietary groups (p < 0.001) (Paper I).   
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Ovariectomized rats fed a soft diet had a significantly higher proportional 

amount of cells expressing MMP-8 in condylar cartilage than control rats fed a 

soft diet (p < 0.001). Ovariectomized rats fed a soft diet had a significantly higher 

proportional amount of cells expressing MMP-8 than ovariectomized rats fed a 

normal diet (p < 0.05).  Normal diet control rats had a significantly higher 

proportional amount of cells expressing MMP-8 than soft diet control rats (p < 

0.001) (Paper II). 

5.2.6 PCNA 

Both the 67- and 87-day-old ovariectomized rats fed a normal diet had a higher 

proportion of PCNA-positive cells in the most superior and posterior segments of 

condylar cartilage than the control rats fed a normal diet (p < 0.05 and < 0.001, 

respectively). The 67-day-old control rats fed a soft diet had a higher proportion 

of PCNA-positive cells in the most superior segment than the control rats fed a 

normal diet (p < 0.001). The 87-day-old ovariectomized rats fed a normal diet had 

a higher proportion of PCNA-positive cells in the most superior and posterior 

segments than the ovariectomized rats fed a soft diet (p < 0.001). No differences 

were found in PCNA expression in the anterior segment of condylar cartilage 

(Paper III).  

5.2.7 Adiponectin 

In the posterior segment of condylar cartilage the 87-day-old ovariectomized rats 

fed a soft diet had a higher proportion of cells positively stained against 

adiponectin than the ovariectomized rats fed a normal diet (p < 0.01). Both the 

67- and 87-day-old control rats fed a soft diet had a higher proportion of 

positively stained cells than the control rats fed a normal diet  (p < 0.05 in 67-day-

old rats, p < 0.01 in 87-day-old rats). No difference in the proportional amount of 

adiponectin-stained cells was found between the groups in the anterior and the 

most superior segments of condylar cartilage (Paper III). 

5.2.8 Apoptosis 

The number of apoptotic cells detected in condylar cartilage with the TUNEL 

assay and anti-p53 antibody was very low, and there was no difference in the 

number of apoptotic cells between groups (data not shown) (paper III). 
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5.3 In situ hybridization with a type X collagen probe 

Expression of type X collagen mRNA was localized by in situ hybridization in the 

hypertrophic chondrocytes. Type X collagen mRNA expression was stronger in 

the ovariectomized rats fed a normal diet than in control rats fed a normal diet in 

both 67- and 87-day-old rats (Paper III).  
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6 Discussion 

6.1 Role of estrogen and altered dietary loading in condylar 

cartilage remodeling  

The structure of condylar cartilage undergoes macroscopic and biochemical 

changes in response to estrogen deficiency and altered dietary loading. Lack of 

estrogen increased and a soft diet decreased the thickness of condylar cartilage. 

The number of cartilage cells was higher in ovariectomized rats when compared 

with control rats (Paper I).  

Growth and maintenance of condylar cartilage has previously been shown to 

depend on sufficient biomechanical stimuli (Copray et al. 1988, Hinton 1993, 

Pirttiniemi et al. 1996, 2004). Reduced loading—i.e., a soft diet—affects cartilage 

metabolism and has a reducing impact on cartilage thickness. Sufficient dietary 

loading seems to be important for condylar cartilage growth and maintenance of 

ideal proliferation (Kiliaridis 1989, Hinton 1993, Kantomaa et al. 1994, 

Pirttiniemi et al. 1996, 2004). In the present study a soft diet led to thinner 

condylar cartilage when compared with normal dietary loading (Papers I-III).  

The TMJ is considered to be a load-bearing joint during masticatory function 

(Boyd et al. 1990, Korioth et al. 1992, Beek et al. 2000), and therefore the 

architecture of condylar cartilage plays a significant role in how masticatory 

forces are transmitted to the condylar bone. However, most commonly used 

experimental species such as rats, mice, and rabbits probably show less loading of 

the TMJs than humans during chewing (Herring 2003). There are studies which 

explain how the effect of dietary loading is transmitted on condylar cartilage, but 

little is known about how estrogen affects condylar cartilage, and by which 

mechanisms. The effects of estrogen on condylar cartilage could be transmitted to 

some extent via the cartilage-bone interface, because estrogen is a well-known 

factor in bone metabolism.  

6.1.1 Estrogen in bone metabolism 

Among 87-day-old rats, the number of osteoclasts was significantly lower and 

their average size was smaller in ovariectomized rats (i.e., estrogen is not present) 

when compared with control rats (Paper III). The demonstrated increase in 

thickness of condylar cartilage in ovariectomized rats could occur because their 
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osteoclasts are smaller and fewer in number. Therefore, osteoclasts assumedly 

resorb a less calcified matrix of condylar cartilage in the cartilage-bone interface, 

leading to a change in the balance of cartilage turnover. It is unclear why the lack 

of estrogen did not increase the number of osteoclasts, as this could have been 

predicted when considering that estrogen is known to suppress formation of 

osteoclasts (Shevde et al. 2000).  

Despite the intensive research on estrogen and bone, the mechanisms with 

which estrogen regulates bone metabolism are not clear (Khosla et al. 2012). It 

has been shown, however, that estrogen affects osteoclasts directly by suppressing 

RANKL-stimulated osteoclastic differentiation (Shevde et al. 2000), and 

indirectly by increasing production of decoy receptor osteoprotegerin (OPG) for 

RANKL (Hofbauer et al. 1999). OPG is synthesized by osbeolasts, and it prevents 

the cell-surface receptor RANK on precursor and mature osteoclasts from 

activating (Kierszenbaum 2002, Kearns et al. 2008, Atkins 2012). It has been 

shown that when treating postmenopausal women with estrogen, there is a 

temporary increase in bone formation markers, followed by a sustained decrease 

(Hannon et al. 1998). It is noteworthy that in the present study the younger rats 

showed no significant differences in the number of osteoclasts between groups, 

whereas significant differences were seen only in the older rat groups (Paper III).  

It could be assumed that the osteoprotegerin-level (OPG) would be very low 

in ovariectomized rats, since one of the main targets of estrogen in bone 

metabolism is to induce OPG production in osteoblasts (Hofbauer et al. 1999, 

Bord et al. 2003, 2004). Kong et al. showed that there was a strong correlation 

between high RANKL expression and arthritic and inflamed joints, whereas OPG 

was undetectable (Kong et al. 1999).  

Osteoclasts secrete cathepsin K, which is involved in bone resorption 

(Kakudo et al. 1997, Gowen et al. 1999). It has been shown that cathepsin K does 

not have as significant a role in bone resorption in calvaria as in long bones 

(Everts et al. 1999, Chen et al. 2007). Cathepsin K knockout mice had an 

abnormally high number of osteoclasts in calvaria when compared with tibia 

(Chen et al. 2007), which suggests that the function or regulation of osteoclasts is 

different in intramembranously formed bones when compared with 

endochondrally formed bones. However, estrogen is known to down-regulate 

cathepsin K mRNA levels in osteoclasts (Mano et al. 1996). 

The response of mandibular subchondral bone to a lack of estrogen was a 

significant decrease in the number of osteoclasts (Paper III). The consensus is that 

estrogen inhibits the formation and function of osteoclasts in growing long bones 
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(Turner et al. 1994, Tromp et al. 2006). It may be that the current finding of an 

opposite response in the subchondral bone in ovariectomized rats (Paper III) 

occurs because condylar cartilage and the adjacent bone are from a different 

embryologic origin than other cartilages and bones in the human body. The 

mandibular bone and condylar cartilage are derived from neural crest cells 

(Enlow & Hans 1996, Dixon et al. 1997), whereas other joints are derived from 

the mesoderm (Noden 1982, Leucht et al. 2008). The ability of bone to regenerate 

and remodel might depend upon re-activation of molecular pathways that control 

osteogenesis and chondrogenesis during fetal development (Iwasaki et al. 1997, 

Vortkamp et al. 1998, Ferguson et al. 1999). 

6.1.2 Estrogen in cartilage remodeling 

It is not clear whether estrogen has a beneficial or a detrimental effect on cartilage. 

A majority of studies have shown that estrogen has a detrimental effect on 

condylar cartilage and a chondroprotective effect on articular cartilage (Kamiya et 

al. 2013, Tankó et al. 2008, Karsdal et al. 2014). The articular knee cartilage of 

ovariectomized rats and cynomolgus monkeys have shown histopathological 

features of osteoarthrosis, and estrogen replacement therapy slowed down type II 

collagen degradation and directly seemed to inhibit the catabolic function of 

chondrocytes (Carlson et al. 1994, Oestergaard et al. 2006). However, it has been 

shown that chondrocytes cultured from fishes had no response in proteoglycan 

production to estrogen added in vitro, whereas estrogen injected in vivo increased 

proteoglycan production (Ng et al. 2001). This suggests that estrogen has some 

indirect mechanism that affects chondrocytes.  

Estrogen does not seem to have a chondroprotective role in condylar cartilage. 

ER beta knockout mice were found to have thicker mandibular condylar cartilage 

and an increased number of cartilage cells (Kamiya et al. 2013). Additional 

estrogen in culture studies decreases the thickness of condylar cartilage and 

inhibits its proliferation (Talwar et al. 2006). Ovariectomy increases the thickness 

of condylar cartilage in young rats (Okuda et al. 1996, Yasuoka et al. 2000), and 

this increase is reversed when estrogen is administered exogenously (Yasuoka et 

al. 2000).  

RANKL is thought to be a key component in bone and cartilage destruction 

in rheumatoid arthritis (Theill et al. 2002). RANK and RANKL are both 

expressed in chondrocytes (Lacey et al. 1998, Hsu et al. 1999). In the Li et al. 

2000 study, nullizygous RANK(-/-) mice showed defects not only in bone 
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resorption but also in development and remodeling of growth plate cartilages (Li 

et al. 2000). RANKL-deficient mice have severe osteopetrosis and failure in 

cartilage resorption, which leads to growth plate abnormalities due to failure in 

osteoclastogenesis (Kong et al. 1999). It has been shown that in normal cartilage, 

OPG, RANK, and RANKL mRNA are localized to the superficial zone of human 

articular cartilage, and in osteoarthrosis localization is extended to the middle 

zone of cartilage (Komuro et al. 2001).  

Osteoclasts can be categorized into subtypes according to the matrix on 

which they are positioned, the time of day they are active, and the type of 

remodeling they participate in (Henriksen et al. 2011). It has been discussed 

whether a chondroclast is a different cell type or whether it just resides near 

cartilage instead of bone (Shibata & Yamashita 2001, Delaissé et al. 2003). 

Chondroclasts have some differences from osteoclasts; chondroclasts have a less 

prominent ruffled border, suggesting that less acid is needed to dissolve the 

matrix (Nordahl et al. 1998, Sawae et al. 2003). The enzyme profile can further 

reveal differences between clasts; during bone resorption chondroclasts seem to 

depend less on cathepsin K than osteoclasts do (Pennypacker et al. 2009). 

Cathepsin K is an important protease that participates in processing TRAP. The 

strongest evidence of distinction between chondroclasts and osteoclasts is that in 

cathepsin K -deficient knockout mice TRAP is activated and secreted into the 

ruffled border only in clasts that participate in the removal of calcified cartilage 

(Zenger et al. 2007).  

There is evidence that the cartilage-bone interface may have a substantial role 

in the regulation of cartilage homeostasis. It has been shown that chondrocytes 

inhibit chondroclastogenesis by locally producing OPG (Ota et al. 2009). OPG 

and RANKL mRNA are co-localized in the same types of cells (hypertrophic 

chondrocytes) in the femur and tibia, which signifies their coupled action in the 

regulation of cartilage-bone metabolism (Silvestrini 2005). It has been shown that 

transgenic mice overexpressing RANKL had a 100-fold greater amount of 

RANKL in their bloodstream than controls, resulting in osteoporosis (Mizuno et 

al. 2002) However, these mice had normal skeletal development (Mizuno et al. 

2002), which signifies the importance of locally produced RANKL in the bone-

cartilage interface.  

According to the present results, it seems that the observed increase in the 

thickness of condylar cartilage in ovariectomized rats (Papers I-III) is partly due 

to a change in the number of osteoclast and/or their activity in the cartilage-bone 

interface. The thickness of condylar cartilage accumulatively increases when 
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osteoclasts are fewer in number, resorbing the less mineralized matrix of the 

hypertrophic layer, making invasion by blood capillaries from underlying bone 

slower, and finally resulting in slower replacement of cartilage with bone.  

6.1.3 Differences between condylar cartilage and other cartilages of 

different joints  

It has been shown that mandibular bone mineral density (BMD) is not affected by 

ovariectomy, whereas femur BMD is significantly decreased after ovariectomy 

(Yamashiro & Takano-Yamamoto 1998, Patullo et al. 2009). Condylar cartilage is 

secondary cartilage, while growth plate cartilage is primary cartilage (Durkin 

1972, Vinkka 1982, Dibbets 1990). The explanation for the different responses of 

the cartilage-bone interface to ovariectomy between the condyle and femur could 

be found in the growth and development mechanisms. Various studies support the 

theory that growth of the condyle is partly adaptive and partly independent in 

nature (Kantomaa & Rönning 1982, Kantomaa 1984). Femur growth plate 

cartilage instead actively elongates the femur (Copray et al. 1988, Yamashiro and 

Takano-Yamamoto 1998). The function of maintaining condylar cartilage is 

evidently important, since it has been shown that condylar cartilage is replaced 

with bone when put into a non-functional environment (Koski & Rönning 1965). 

In addition, repositioning of the condylar head has been shown to have an effect 

on mandibular morphology (Kantomaa & Rönning 1997). Costochondral grafts 

used as a substitute for mandibular condyle have more of their own growth 

potential than condylar cartilage (especially when a large amount of cartilage is 

included in the graft), and the result in some cases is overgrowth (Peltomäki & 

Isotupa 1991, Peltomäki et al. 2002). This implies that condylar cartilage has 

more adaptive capability than other cartilages. Condylar cartilage has been shown 

to have its own growth potential at least until 25 years of age in humans and 30 

days in rats (Copray et al. 1988, Rönning & Peltomäki 1991). It has been shown 

that rat condylar cartilage has underlying growth potential without need for 

mobility or loading until 28 days of age (Copray et al. 1983).  

It is also noteworthy that condylar cartilage can possibly have different kinds 

of cellular mechanisms in tissue repair when compared with load-bearing 

cartilages. Cartilage-derived morphogenic protein 1 (CDMP1) is involved in the 

development of load-bearing joints, and it promotes differentiation of 

mesenchymal stem cells to chondrocytes (Chang et al. 1994, Bai et al. 2004). 

Hunter-Thompson chondrodysplasia is a result of a mutation in the CDMP1 gene 
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(Thomas et al. 1996), and the phenotype in humans shows dysmorphic joints and 

short stature. However, the TMJ develops normally in individuals with human 

chondrodysplasia, which shows that CDMP1 is not needed in the development of 

the TMJ (Luyten 1997). Tissue injury repair involves molecular pathways, which 

are believed to be similar to those involved in development, and it can be 

assumed that condylar cartilage has remodeling mechanisms that load-bearing 

joints do not have.  

6.1.4 Estrogen receptors of condylar cartilage 

Estrogen affects the target tissue by binding to a specific receptor, of which two 

isoforms are currently found: ERα and ERβ (Green et al. 1986, Enmark et al. 

1997). A recent study showed that the number of osteoclasts unexpectedly 

decreased in estrogen receptor β knockout mice, suggesting that estrogen 

probably has some unknown pathways involving regulation of osteoclasts 

(Kamiya et al. 2013). The changes occurring in condylar cartilage after 

ovariectomy were related to the amount of ERα expression in the condylar 

cartilage (Paper II). The amount of ERα in condylar cartilage is significantly 

increased in condylar cartilage after ovariectomy, as also shown in growth plates 

(Yao et al. 2006), indicating that estrogen receptors in condylar cartilage are 

active and responsive to changes in the estrogen level. Interestingly, men have 

higher expression of estrogen receptors than women (Ushiyama et al. 1999). 

Whether it could explain why men have less degenerative changes in the TMJ 

than women is unclear. The ovariectomized rats fed a normal diet had a higher 

number of ERα-positive cells than the ovariectomized rats fed a soft diet, which 

suggests that dietary loading also has an effect on ERα expression (Paper II).  

6.1.5 Collagens of condylar cartilage 

During mastication, condylar cartilage is simultaneously under compression and 

shear forces (Teramoto et al. 2003). Collagens constitute roughly 60 % of the dry 

weight of condylar cartilage, which is the most important factor responsible for 

tensile resistance (Pietilä et al. 1999, Huang et al. 2001). Type I collagen is 

expressed dominantly in the fibrous layer, whereas expression of type II collagen 

is observed in the chondroblastic and hypertrophic layers (Mizoguchi et al. 1996, 

Visnapuu et al. 2000, Teramoto et al. 2003, Delatte et al. 2004). Type II collagen 

is an important collagen in condylar cartilage, for it binds glycosaminoglycans 
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and proteoglycans, giving condylar cartilage the ability to withstand compressing 

forces (Delatte et al. 2004). Expression of type X collagen is observed in the 

lower chondroblastic and hypertrophic layers (Teramoto et al. 2003). 

Hypertrophic chondrocytes synthesize type X collagen, and it can be considered a 

marker for mature cartilage (Schmid & Linsenmayer 1990). The mode of loading 

has been shown to have an effect on the different layers of condylar cartilage 

(Mizoguchi et al. 1996). Tensile forces activate fibroblasts and type I collagen 

production in the fibrous layer, whereas compression leads to chondrocyte 

activation and type II collagen production in the chondroblast and chondrocyte 

layers (Singh & Detamore 2009). Mechanical loading activates Sox-9 in cartilage, 

which is a necessary transcription factor that further activates kinases, eventually 

leading to increased expression of type II collagen by chondrocytes 

(Papadopoulou et al. 2007). Type X collagen expression is regulated by a runt-

related transcription factor 2 (Runx2) (Studer et al. 2012). In the present study, 

expression of type II and X collagens was higher in ovariectomized rats than in 

control rats, which suggests that expression of collagens in condylar cartilage is 

not only controlled by the amount of loading, but also by humoral factors (Papers 

I and III).   

The proliferative zone of condylar cartilage functions as a reserve for 

mesenchymal cells—chondrocyte precursors (Kuroda et al. 2009). Chondrocyte 

precursors differentiate to mature chondrocytes, then grow in size to hypertrophic 

chondrocytes, and enter into the upper and lower hypertrophic zones. The lower 

hypertrophic zone differs from the upper by the presence of calcifying zones 

(Bergman et al. 1996, Fawcett 1997). The cartilage in the cartilage-bone interface 

is eventually replaced with endochondral bone and marrow (Kinumatsu et al. 

2011). Type X collagen is a marker for mature cartilage, and it is suggested that it 

acts as a replaceable material in the growth of the bone matrix, i.e., apposition of 

bone (Shen et al. 2006). Further evidence of the close association of type X 

collagen in endochondral ossifying has been shown in the fracture repair process, 

where type X collagen was localized specifically to chondrocytes (Grant et al. 

1987). Increased expression of type X collagen can be seen as a sign of increased 

bone formation (Inoue et al. 2002, Teramoto et al. 2003). Chondrocyte maturation 

during joint loading is different between females and males, and estrogen seems 

to inhibit the maturation of chondrocytes in females only (Chen et al. 2011). The 

ovariectomized rats fed a normal diet had higher expression of type X collagen 

than the control rats (Papers I and III). It could be that when estrogen is not 

present, condylar cartilage creates a more suitable environment for bone 
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apposition by increasing expression of type X collagen, while bone formation 

does not keep up with the high pace of cartilage, and therefore the condylar 

cartilage becomes thicker. It is not clear whether the increased expression of type 

X collagen and cartilage thickness are beneficial over the long term, since it could 

also be seen as a sign of premature chondrocyte hypertrophy, observed in 

osteoarthritis (Kirsch & von der Mark 1992, Aigner et al. 1993). It has been 

shown that estrogen increases expression of type X collagen in cell culture studies 

(Talwar et al. 2006). This is contrary to the present results and needs further 

studies (Papers I and III). The experimental animals in the present study were 

quite young, so possible changes in type X collagen expression could take place 

later. However, in vitro studies are different from in vivo studies, which could 

explain the conflicting results.  

Type X collagen could also play a role in regulating the response of condylar 

cartilage to proliferation inducers. It has been shown that autocrine and paracrine 

factor PTHrP promotes proliferation of chondroblasts and suppresses chondrocyte 

hypertrophy in long bone cartilage (Karaplis et al. 1994, Chung et al. 2001, 

Kronenberg 2003). Studies with PTHrP knockouts show that, in long bones, the 

area in cartilage that expresses type X collagen is not affected but the type II 

collagen area is. In condylar cartilage, however, the type II and X areas are both 

affected at the same time (Suda et al. 1999). The explanation for this could be that 

the epiphyseal cartilage of long bones is derived from the mesenchyme, whereas 

condylar cartilage is derived from the periosteum of the ossifying mandible 

(Meikle 2007, Shibata et al. 2013). This suggests that type X collagen in condylar 

cartilage may have a role in the increase of thickness caused by ovariectomy, i.e., 

estrogen deficiency.  

6.1.6 Matrix metalloproteinases in cartilage remodeling 

MMPs participate in ECM degradation, remodelling, and tissue repair (Nagase 

and Woessner 1999). In physiological conditions MMP activity is controlled, but 

when unbalanced, tissue degradation might become too extensive, resulting in 

various common diseases such as osteoarthritis (Nagase et al. 2006, Burrage et al. 

2006). The degeneration of cartilage in osteoarthritis was earlier seen as a passive 

process where too high loading forces eventually wore the cartilage out, and 

chondrocytes did not have any relevant metabolic function in it (Iannone & 

Lapadula 2003). Currently, degeneration is seen as a process in which 

chondrocytes have an active role by secreting many degenerative proteases in 
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response to, e.g., an inflammatory stimulus (Poole et al. 1995, Lee et al. 2003, 

Burrage et al. 2006).  

MMP-3 expression can be linked directly to proteoglycan loss (Bonassar et al. 

1995), and activation of proMMP-1 (Unemori et al. 1991), and it is capable of 

cleaving type X collagen (Ye et al. 1996). In the present study ovariectomized rats 

had higher proportional expression of MMP-3 than control rats in both diet 

groups (Paper I). It is not clear, whether the high expression of MMP-3 is directly 

due to estrogen deficiency or secondarily to the increase in thickness of condylar 

cartilage. Condylar cartilage was thicker in ovariectomized rats, and therefore the 

high MMP-3 expression could be seen as a sign of more active cartilage turnover, 

and not as a sign of cartilage degeneration (Paper I).  

MMP-8 cleaves type I, II, and III collagens and it can cleave the triple helix 

of collagen, and this way may allow other domain-specific MMPs to degrade the 

collagen chain to a further extent (Vincenti & Brinckerhoff 2002). MMP-8 has 

been found in osteoarthritic cartilage, and it seems that chondrocytes can produce 

it (Tetlow et al. 2001). Ovariectomized rats fed a soft diet had higher expression 

of MMP-8 than ovariectomized rats fed a normal diet, while control rats fed a soft 

diet had lower proportional expression of MMP-8 than normal diet controls 

(Paper II). It has been shown that increased loading of ulnar cartilage decreases 

expression of MMP-8 (Sun et al. 2012). An in vitro study showed that increased 

loading inhibits the breakdown of collagen fibrils in the presence of administered 

MMP-8 (Flynn et al. 2010). The present study suggests that, analogous to 

previous studies, loading is associated with expression of MMP-8 and condylar 

cartilage turnover. However, it seems that estrogen deficiency partly compensates 

for the decrease in thickness of condylar cartilage caused by a soft diet.  

6.1.7 Proliferative activity in condylar cartilage 

Proliferating cell nuclear antigen (PCNA) is widely used as a marker for 

proliferation, and the rate of chondroblasts’ mitosis is related to condylar cartilage 

thickness (Talwar et al. 2006, Yu et al. 2012). In rat mandibular condylar organ 

cultures, auxiliary estrogen inhibits the proliferation of chondroblasts (Talwar et 

al. 2006). It has been shown that ER beta knockout mice had thicker mandibular 

condylar cartilage and an increased number of cartilage cells (Kamiya et al. 2013). 

Kamiya et al. showed with BrdU labeling that the increased number of cartilage 

cells in the chondroblast layer in ERβ KO mice was a result of a delay in cell 

cycle exit in the chondroblast layer (in Kamiya’s study  the flattened layer).  
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PCNA expression was higher in ovariectomized rats fed a normal diet than in 

control rats fed a normal diet, but this difference was not found in the soft diet 

groups. Ovariectomized soft diet rats had less proliferative activity than 

ovariectomized rats fed a normal diet (Paper III). It is not clear, why estrogen 

seems to have some kind of role in the response of condylar cartilage to altered 

dietary loading (Paper III). This suggests that estrogen alone does not have an 

effect on proliferative activity in condylar cartilage when the loading force is low. 

However, the ovariectomied soft diet rats had less markers of proliferation in 

cartilage cells than ovariectomized normal diet rats, implying that when estrogen 

is not present, condylar cartilage becomes more susceptible to the effect of dietary 

loading (Paper III). It seems that estrogen has a down-regulating role in 

chondroblast proliferation. This could partly explain why a lack of estrogen 

induces a thickening of condylar cartilage.  

6.1.8 Adiponectin 

Adiponectin is an adipocytokine synthesized and secreted into the bloodstream by 

adipose tissue, and it has many hormonal functions, such as taking part in glucose 

metabolism modulation (Santaniemi et al. 2006). Adiponectin acts via two 

receptors; one (AdipoR1) is expressed typically in skeletal muscle and is the only 

adiponectin receptor found in cartilage (Gomez et al. 2009, Francin et al. 2011). 

Adiponectin levels circulating in the bloodstream are decreased in obesity, and 

weight reduction can increase adiponectin levels (Ukkola & Santaniemi 2002, 

Santaniemi et al. 2006).  

Adiponectin expression was significantly higher in the soft diet groups than 

in the normal diet groups, in both the control and ovariectomized rats (Paper III). 

Although high adiponectin levels are associated with good health and normal 

insulin resistance in humans, there is evidence that adiponectin could act as a pro-

inflammatory agent in skeletal joints (Gomez et al. 2009). It has been shown that 

adiponectin levels are abnormally high in rheumatoid arthritis (Schäffler et al. 

2003). In cartilage biopsies it has been shown that expression of adiponectin is 

upregulated in damaged tissue, but not in healthy cartilage (Francin et al. 2014). 

The high expression of adiponectin and thinner condylar cartilage in rats fed a 

soft diet could suggest that the change in condylar cartilage is a step toward a 

more pro-inflammatory phase or a similar event. However, in cell cultures 

adiponectin has been found to up-regulate expression of type II and X collagens 

and aggrecan in chondrocytes (Challa et al. 2010). It is not clear whether the high 
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expression of adiponectin in the condylar cartilage of soft diet rats could be 

interpreted as cartilage trying to compensate for the loss of thickness by inducing 

ECM synthesis (Paper III).  

6.1.9 Apoptosis of chondrocytes 

Chondrocytes play an important role in the synthesis and degradation of the 

articular matrix (Dijkgraaf et al. 1995), and therefore some effects of estrogen and 

loading might be transmitted to condylar cartilage via an increase or decrease in 

chondrocyte apoptosis. No differences in apoptosis were found between the 

experimental and control groups in the present study (Paper III). Apoptosis seems 

to be a rare finding in relatively healthy condylar cartilage, whereas in 

osteoarthrosis and experimentally created disordered occlusion it is a common 

cause of chondrocyte death (Thomas et al. 2007, Jiao et al. 2009).  

6.2 Adaptive capacity of condylar cartilage   

It has been proposed that excessive mandibular condylar loading leads to 

degenerative TMJ disease in susceptible individuals by inducing production of 

cytokines, free radicals, matrix-degrading enzymes, neuropeptides and other 

biomolecules associated with cartilage remodelling (Milam 2005, Kuroda et al. 

2009). Old age, genetic backdrop, and female gender can be determined risk 

factors (Milam 2005), but it is not clear which factors make one individual more 

susceptible to disease than another. It can be suggested that sufficient thickness 

has an advantage in maintaining the functional structure of condylar cartilage, 

because it has more strength and resiliency to withstand forces created by 

mastication, swallowing, and talking. However, there are currently few conclusive 

theories on how early-stage morphological changes or biochemical changes in 

condylar cartilage can lead to degenerative changes in the TMJ. One explanation 

could be that changes in mandibular condylar cartilage compromise the normal 

function of the TMJ by altering the capability of condylar cartilage to respond to 

and tolerate mechanical forces.  

The hypoxia reperfusion model predicts that mechanical loading of a joint 

leads to hydrostatic pressure that exceeds the blood pressure of arteriole 

capillaries, resulting in local hypoxia (Milam et al. 1998, Zardeneta et al. 2000). 

When blood flow is restored again, it leads to inflammation (Zardeneta et al. 

2000). It seems possible that when condylar cartilage is thin, hydrostatic pressure 
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during loading is greater than in thicker cartilage, which can more easily lead to 

local hypoxia and reperfusion injury.  

It has been shown that expression of vascular endothelial growth factor 

(VEGF) is induced in cells under hypoxia or ischemia and during cyclic tensile 

strain (Forsythe et al. 1996, Wong et al. 2003). Mechanical overload of condylar 

cartilage increases the amount of VEGF-positive chondrocytes, and the increase is 

related to the duration of overloading (Tanaka et al. 2005). Furthermore, in the 

Tanaka et al. study the number of osteoclasts increased in the mineralized layer 

subjacent to the hypertrophic layer of condylar cartilage, where VEGF expression 

was high (Tanaka et al. 2005). VEGF produced by hypertrophic chondrocytes has 

been shown to have a pivotal role in the invasion by osteoclasts into hypertrophic 

cartilage (Engsig et al. 2000). Vascular invasion and turning cartilage into bone in 

the wrong location and at the wrong time can be seen as an early sign of cartilage 

degeneration (Aspden 2008). The results in Paper III showed that when the 

number of osteoclasts is low in ovariectomized rats, cartilage is thicker. It seems 

that osteoclasts have an important role in regulating the thickness of condylar 

cartilage and maintaining cartilage homeostasis.  

Most TMJ disorders are classified as internal derangement of the TMJ, which 

can be described as a displacement of the articular disc, including structural 

abnormality in the TMJ structure (Eriksson & Westesson 1983, Sommer et al. 

2003, Tiilikainen et al. 2005). Degenerative changes in the TMJ that occur with 

internal derangement are at first reversible, but over time they can develop into 

irreversible changes in the TMJ structure (Israel et al. 1991), making condylar 

cartilage incapable of withstanding masticatory loading. Degenerative changes in 

the TMJ structure can lead to osteoarthrosis (Katzberg et al. 1996), where the 

chain of events ends in degeneration of the condylar cartilage and eventually to 

functional and morphological deformities of the TMJ (Zarb & Carlsson 1999). 

It seems that women are more susceptible to TMJ disorders, and it has been 

shown that artificially created disordered occlusion in rats leads to more 

degenerative changes in condylar cartilage in females than in males (Yu et al. 

2012).   

It is interesting that the effects of ovariectomy on condylar cartilage share 

some similar characteristics with early-stage osteoarthritis (OA): proliferation of 

cartilage cells, an increase in the thickness of condylar cartilage, and an increase 

in expression of type X collagen. Increased type X collagen expression is seen in 

many studies of OA (Gao et al. 2012). OA can be divided into two phases: 1. 

biosynthetic phase, where chondrocytes synthesize the ECM matrix in an attempt 
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to compensate for the possible degeneration of cartilage, 2. degradation phase, 

where ECM biosynthesis is decreased and erosion of cartilage increases 

(Hamerman 1989, Sandell & Aigner 2001). Experimentally created occlusal 

disorder in rats has been shown to increase condylar cartilage thickness (Kuang et 

al. 2013). In this study there were no other signs (excluding thicker cartilage) of 

early osteoarthritic changes, such as chondrocyte disarrangement and cell-free 

areas in condylar cartilage. However, since a majority of studies on osteoarthrosis 

focus on joints other than the TMJ, generalizations of etiopathology between 

condylar cartilage and load-bearing cartilages can be misleading. 
  



66 

 



67 

7 Summary and conclusions 

Estrogens are a group of compounds that are commonly known as female 

hormones, and one of their functions is to regulate bone and cartilage turnover. 

Women have a higher frequency and severity of TMJ osteoarthrosis than men, 

and therefore examining the role of estrogen in condylar cartilage metabolism 

could prove useful for a better understanding of the etiology of TMJ 

osteoarthrosis.  

A lack of estrogen increased and a soft diet—i.e., reduced TMJ loading—

decreased the thickness of condylar cartilage. The number of cartilage cells was 

higher in ovariectomized rats than in control rats.  

Expression of PCNA (proliferation marker) in condylar cartilage was higher 

in ovariectomized rats fed a normal diet when compared with control rats fed a 

normal diet. This could explain the increased thickness of condylar cartilage in 

ovariectomized rats, because new cartilage is formed faster than it is replaced by 

bone.  

No differences in apoptosis were found between experimental and control 

groups with the biochemical markers used in this study. It seems that apoptosis is 

a rare finding in relatively healthy condylar cartilage.  

The area of type II and X collagens in condylar cartilage was larger when 

estrogen was not present and smaller when the diet’s consistency was soft. The 

high expression of type X collagen (when estrogen is not present) could indicate 

that condylar cartilage is creating a more suitable environment for bone 

apposition in the cartilage-bone interface. Presumptively bone formation cannot 

keep up the pace and condylar cartilage becomes thicker.  

Expression of MMP-3 was higher in ovariectomized rats when compared 

with control rats. This suggests that the higher expression of MMP-3 could be 

interpreted as a sign of more active condylar cartilage turnover. Ovariectomized 

rats fed a soft diet had higher expression of MMP-8 than ovariectomized rats fed 

a normal diet. However, control rats fed a soft diet had lower proportional 

expression of MMP-8 than normal diet controls.   

The proportional amount of cartilage cells stained positively against 

adiponectin was higher in rats fed a soft diet when compared with rats fed a 

normal diet. This suggests that altered dietary loading is associated with 

adiponectin, and could be seen as a sign of a step towards a more pro-

inflammatory phase or a similar event.   
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The proportional amount of cartilage cells expressing ERα was higher in 

ovariectomized rats than in control rats, indicating that estrogen receptors are 

active and responsive to changes in estrogen level. Furthermore, expression of 

ERα was smaller in ovariectomized rats fed a soft diet when compared with 

ovariectomized rats fed a normal diet. This suggests that dietary loading affects 

estrogen receptors as long as estrogen is not present.  

Osteoclast markers cathepsin K and TRAP showed that ovariectomized rats 

had fewer osteoclasts than control rats. The average size of osteoclasts was 

smaller in ovariectomized rats when compared with control rats.  These findings 

suggest that the thickness of condylar cartilage accumulatively increases when 

osteoclasts are fewer in number, resorbing the less mineralized matrix of the 

hypertrophic layer, possibly making the invasion by blood capillaries from the 

underlying bone slower, and resulting in slower replacement of cartilage with 

bone.  

The results of this study indicate that regulation of osteoclasts, type II and X 

collagen expression, and proliferation of cartilage cells all contribute to observed 

changes in condylar cartilage caused by estrogen deficiency. Dietary loading 

seems to have more influence than estrogen on adiponectin expression. 

Expression of ERα and MMP-8 seems to be associated with both estrogen and 

TMJ loading, but further studies are needed to examine their role in the turnover 

of condylar cartilage.  

The chain of events where condylar cartilage becomes incapable of 

withstanding masticatory loading, possibly resulting in degenerative changes, is a 

complex process where many factors are likely to play a role. The present results 

show that condylar cartilage becomes thicker after ovariectomy—i.e., estrogen 

deficiency—while condylar cartilage shares some similar features seen in early 

signs of osteoarthrosis. Further studies are needed to evaluate the significance of 

the changes observed in condylar cartilage and their association with TMJ 

osteoarthrosis.   
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