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Abstract

Abstract
Osteoarthritis (OA) is the most common form of arthritis and a major cause of pain and
disability, with prevalence increasing with age. At present there are no structure modifying
treatments accepted by the Food and Drug Administration (FDA), emphasizing the need for
understanding the pathogenic processes leading to OA. OA is a complex disease of the entire
joint, including bone, cartilage and the synovium, and it is characterized by the progressive
degradation of articular cartilage, mild synovial inflammation, and alterations of the subchondral
bone. Currently, it is not clear whether the pathogenesis of OA originates in the bone or cartilage
compartment, and little is still known on how these compartments drive disease progression. An
increased amount of evidence suggests a strong coupling between the subchondral bone and the
articular cartilage turnover, with pathological processes occurring simultaneously in both
compartments. Therefore, an optimal intervention strategy for OA likely includes targeting both
bone and cartilage compartments.
The aim of the thesis was to investigate the pathogenesis of OA with respect to
bone and cartilage, and the importance of the interaction between the two tissues. Understanding
the interactions between osteoclasts, osteoblast and chondrocytes may be essential for the
development of future treatments for OA.
Before the launch of this thesis, there were no validated pre-clinical models that
allowed investigation of whole tissue pathology of OA in one single system, which combined the
metabolism of the implicated cell types. Thus, the present thesis focused on the development and
characterization of a novel murine ex vivo femur head model, comprising the three major cell
types involved in the deterioration of joint structure; the osteoblasts, osteoclasts, and
chondrocytes. We have established the ex vivo femur head model with positive and negative
controls, which allow the investigation of the interaction between bone and cartilage.
Furthermore, by using the novel ex vivo model and other pre-clinical models, we evaluated the
effect of glucocorticoids on bone and cartilage and found that the effect of glucocorticoids highly
depend on the activation and differential stage of the cell targeted in the joint.
The thesis also studied the degradation processes of cartilage, focusing on the two
predominant proteins; aggrecan and collagen type II. We investigated the molecular differences
between matrix metalloproteinase- and aggrecanase-mediated aggrecan degradation as a
consequence of their distinct time-dependent degradation profiles. We found that the aggrecan
molecule may be divided into two different protease-specific pools. Furthermore, we investigated
the differences between normal and OA cartilage with respect to endogenous proteases (assessed
by biochemical markers) and found that the degradation markers are released in part by different
proteolytic pathways.
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In conclusion, we have established a pre-clinical whole-tissue model for investigating cell-cell
interactions that reflect parts of the processes in the pathogenesis of joint degenerative diseases.
This model is also an excellent screening model for potential OA drugs. The model confirmed
beneficial effects of glucocorticoids previously observed on articular cartilage, but not bone. The
loss of sulphated glycosaminoglycans (sGAGs) from cartilage in early OA is not equivalent to
loss of aggrecan, since there may be different pools of aggrecan that are sensitive to different
types of proteases. Furthermore, the role of endogenous proteases probably depends on the stage
of OA, as we did not observe the same release of biochemical markers in normal versus OA
cartilage. This highlights the importance of developing different treatments specific for the
different stages of OA.
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Sammendrag på dansk (abstract in Danish)
Slidgigt er den mest almindelige form for gigt der findes og en væsentlig årsag til smerte og
invalidering. Risikoen for at få slidgigt øges betydeligt med alderen. På nuværende tidspunkt
findes der ingen godkendte behandlinger for slidgigt fra den amerikanske Food and Drug
Administration (FDA), hvilket understreger behovet for at forstå de patogene processer, der
fører til sygdommen. Slidgigt er en kompleks sygdom, der involverer hele leddet, hvilket
inkluderer bl.a. knogle, brusk og synovium. Slidgigt kendetegnes ved en gradvis nedbrydning af
ledbrusken, en mild inflammation af synovial-vævet og ændringer af den subchondrale knogle. I
øjeblikket diskuteres det om patogenesen af slidgigt starter i knogle- eller brusk-vævet, og om
vævene hver især er med til at gøre sygdomsforløbet værre. En del forskning tyder på at der i
slidgigt er sammenhæng mellem ændringer i subchondral knogle, ændringer i ledbrusken, og de
patogene processer der forekommer samtidigt i begge væv. Derfor vil den bedste behandling af
slidgigt sandsynligvis være en behandling der både involverer knogler og brusk.
Formålet med PhD-afhandlingen var at undersøge patogenesen af slidgigt med
fokus på knogle- og brusk-delen, og at undersøge hvor vigtig interaktionen er mellem de to væv.
Det kan være afgørende for udviklingen af fremtidige behandlinger for slidgigt at forstå det
samspil, der er mellem osteoklaster, osteoblaster og kondrocytter.
Før jeg startede på denne afhandling, var der ingen etablerede prækliniske modeller,
der kunne undersøge de patologiske processer, der forekommer i slidgigt i ét enkelt system, og
som indeholder de implicerede celletyper fra leddet. Derfor fokuserede denne afhandling på
udviklingen og karakteriseringen af en ny ex vivo femur hoved muse-model, der indeholder de tre
hoved-celletyper, som er involveret i degenereringen af leddet; osteoblaster, osteoklaster og
kondrocytter. Vi har etableret en ny ex vivo femur hoved model med positive og negative
kontroller, der kan undersøge interaktionen mellem knogle og brusk. Herudover, ved at bruge
den nye ex vivo model og andre prækliniske modeller, undersøgte vi effekten af glukokortikoider
på knogle og brusk, og fandt at effekten af glukokortikoider afhænger betydeligt af aktiveringen
og differentieringsstadiet af den undersøgte celle fra leddet.
Afhandlingen undersøgte også de nedbrydningsprocesser vi finder i brusk, med
fokus på de to hoved-proteiner; aggrecan og kollagen type II. Vi undersøgte de molekylære
forskelle mellem matrix metalloproteinase- og aggrecanase-genereret aggrecan nedbrydning, på
grund af deres forskellige nedbrydningsprofiler over tid. Vi fandt at aggrecanmolekylet måske er
opdelt i to forskellige proteasespecifikke puljer. Desuden undersøgte vi de forskelle, der er
mellem normalt og sygt brusk mht. endogene proteaser (målt med biokemiske markører) og
fandt at nedbrydnings-markørerne til dels er frigivet via forskellige proteolytiske veje.
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Samlet set har vi etableret en præklinisk fler-vævs model, der kan undersøge celle-celle
interaktioner, og som afspejler dele af processerne, man ser i patogenesen af degenerative ledsygdomme. Denne model er også en udmærket screeningsmodel for potentielle medikamenter
for slidgigt. Modellen bekræftede de gavnlige virkninger af glukokortikoider man tidligere har set
på ledbrusk, men ikke på knogle. Udtømning af sulfat-glykosaminoglycaner (sGAG’s) fra brusk i
begyndende slidgigt er ikke ensbetydende med udtømning af aggrecaner, da vi foreslår, at der er
forskellige puljer af aggrecaner, der er følsomme over for forskellige typer af proteaser.
Derudover afhænger rollerne for de endogene proteaser formentlig af det slidgigt-stadie man er i,
da vi fandt forskellige frigivelsesmønstre af biokemiske markører i normalt brusk versus slidgigt
brusk. Dette understreger betydningen af at udvikle forskellige behandlinger, der er specifikke for
de forskellige stadier af slidgigt.
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CHAPTER 1

Objectives
The aim of the PhD project was to gain further insight into the pathogenesis of osteoarthritis
(OA) with respect to bone and cartilage, which are believed to be the primary tissues involved in
joint turnover. In particular, the importance of the interaction between bone and cartilage was
investigated to assess the importance of bone in the pathogenesis of OA. To this end, we wanted
to develop a pre-clinical model that includes the two key tissues, subchondral bone and articular
cartilage. Furthermore, as articular cartilage degradation is believed to be a hallmark of OA
pathogenesis, we investigated the proteolytic processes of pathogenic cartilage in order to
understand the OA-induced changes, which ultimately lead to cartilage loss.
The PhD project had two main objectives:
1) The commercial objective.
The first objective was to develop and validate a pre-clinical model system that allows
investigation of whole tissue pathology in the pathogenesis of OA. This model should contain
the three major cell types involved in the deterioration of joint structure, the osteoblasts,
osteoclasts, and chondrocytes, including their cellular signalling processes (PAPER I). This model
should allow testing of potential OA drugs in a more pathological relevant model. Thus, the
effects of glucocorticoids as a potential drug for OA were tested in this model to evaluate the
usefulness of the model and further to evaluate the effect of glucocorticoids on bone and
cartilage cells (PAPER II).
2) The basic research objective.
The second objective focused on the degradation of collagen type II and aggrecan in OA
cartilage. We hypothesized that the loss of aggrecan in early and late OA was dependent on
different proteases due to different molecular structures of the aggrecan. We expected to find
different pools of aggrecan being degraded by appertaining proteases (so a specific protease
should be targeted depending on the disease stage) (PAPER III). We also hypothesized that the
ratio between endogenous proteases in OA cartilage, depends on the stage of the disease.
Furthermore, we wanted to investigate if the biochemical markers were able to assess the
different endogenous proteases in normal vs. OA cartilage (PAPER IV).
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CHAPTER 2

Introduction
This Introduction aims to introduce the knowledge that forms the basis for my thesis work. The
scope of the introduction is: i) to provide an overview of the development and biology of the
joint, ii) the degeneration of the joint, with emphasis on osteoarthritis (OA), iii) and to introduce
the current knowledge on the mode of action of glucocorticoids.
2.1 Epidemiology and etiology of osteoarthritis
There are more than 100 different types of arthritis1. The most common type is OA, also known
as degenerative joint disease or degenerative arthritis. It is a condition that affects more than 46
million people in the USA, and it is expected to affect 67 million people by the year 2030 1.
According to Gigtforeningen (The Danish Arthritis Society), more than 210.000 people in Denmark
are diagnosed with OA, but experts estimate that the actual number is much higher. Although the
disease occurs in people of all ages, it is most common in the older population; 50% of people
over the age of 40 years and 100% of people over the age of 60 years have OA in one or more
joints2. Epidemiologic studies further suggest that there are clear sex-specific differences3. Before
50 years of age, the prevalence of OA in most joints is higher in men than in women. After the
age of 50 years, women are more often affected with hand-, foot-, and knee OA than men4.
The etiology of OA is unknown. The general perception of OA is that it is a
cartilage disease. However, OA is not only affecting the articular cartilage, but the entire joint,
including the subchondral bone, ligaments, joint capsule, synovial membrane and periarticular
muscles. However, loss of cartilage is the obvious central hallmark of OA5. An increasing line of
evidence suggests that both bone and cartilage contribute to the onset of the disease. One of the
first indications came from clinical observations suggesting that osteopenic women generally do
not develop severe OA6. Likewise, subjects with OA of the hip have greater bone mass than
normal subjects or subjects with osteoporosis7, suggesting that OA could initially be a disease of
the bone8. To date, the majority of clinical studies support the idea that OA is associated with
increased bone density, but the subject remains controversial9.
OA commonly affects hands, feet, spine, and large weight-bearing joints, such as
the hip and knees. In most cases, the mechanisms underlying the development of OA are
unknown. These cases are classified as primary OA and are mostly related to aging or heredity.
When the cause of OA is known, as after an injury, trauma, anatomic abnormalities or obesity,
the condition is referred to as secondary OA5,10,11. OA is characterized by gradual loss of articular
cartilage, alterations of the subchondral bone, and development of osteophytes. These alterations
13
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lead to pain and limitation of joint mobility, which decrease the quality of life for the patients and
become a burden on the society5. Today, treatment of OA is based on anti-inflammatory drugs
(e.g. NSAID), analgesics or arthroplastic surgery12, which neither slow down nor cure the disease.
Moreover, no disease modifying osteoarthritic drugs (DMOADS) have been developed and
approved by the American Food and Drug Administration (FDA) yet. Therefore, the discovery
and the development of effective disease-modifying drugs are urgently needed.

The large number of people affected by OA is increasing
very fast. The increased life expectancy of the elderly
population and the obesity epidemic, affirms the necessity
to find a treatment for OA as fast a possible: Both to
prevent an “OA-epidemic”, but also to avoid the great
social-economical costs in the future.
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2.2 Biology of the joint
In order to get insight into the underlying processes of OA, it is important to understand the
physiology and biology of healthy joints. Joints that are able to move freely are termed synovial
joints and together with muscles and bone they represent the machinery that enables us to move.
The knee is a synovial weight-bearing joint, which comprises many tissues that maintain the
mobile function; articular cartilage, subchondral bone, ligaments, capsule, synovial membrane and
supporting muscles (fig. 1A). The ends of the adjoining bones are covered with articular cartilage,
which functions as a shock-absorber and provides a friction-free surface that enables the bones
to move smoothly against each other. The joint capsule, tendons, muscles and ligaments provide
stability of the joint. The bones are connected by strong ligaments and the tendons provide the
attachment of muscles to the bone. The inside of the joint is covered with a synovial membrane,
which provides and holds the lubricating synovial fluid that enables the joint to move easily (see
fig. 1B)13,14.

Fig. 1. Illustration of a healthy synovial knee joint. The different components of a knee
joint are outlined in figure A and B. A) The components responsible for stability and
movement are shown. B) The components of the articular capsule, which provide an easy
friction, are shown in details. The figure was produced by Madsen, S.H.

2.2.1 Development of bone from a cartilage template
Although OA is a disease of the whole joint, this thesis focuses on bone and cartilage, which are
the most affected tissues in OA. A description of the development of the joint, with respect to
bone and cartilage, will help the reader to understand the tight connections between these two
tissues.
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Bone is a specialized tissue, which together with cartilage make up the human skeleton. The
bones have three main functions; 1) providing mechanical support for the whole body and acting
as muscle attachment for locomotion, 2) providing protective shields for the vital organs and the
bone marrow, and 3) providing a reserve for ions, mainly calcium and phosphate, and for growth
factors and cytokines15,16.
There are several subtypes of bones; long bone, flat bones, short bones and
irregular bones17, of which only long bones - e.g. femur and tibia, which constitute the knee - will
be discussed further in this thesis. Long bones are developed by endochondral ossification as
shown in fig. 2A18. This whole process starts with a condensation of mesenchymal cells to form
the cartilage anlage of the future bone. The mesenchymal cells further proliferate and
differentiate into chondroblasts. The chondroblasts produce a cartilaginous matrix, where the
predominant collagen is collagen type II. The chondroblasts become progressively embedded
within their own matrix, where they lie within lacunae, and they are then called chondrocytes (the
only cell type in articular cartilage). Eventually, the chondrocytes may further differentiate into
hypertrophic chondrocytes whereby the cartilage becomes calcified before the hypertrophic
chondrocytes undergo apoptosis and then disappear from the lacunae. This generates the primary
ossification-centre, which splits into two opposite growth plates that moves from the centre of
the long bone, towards the ends. At this stage of bone development, the blood vessels penetrate
the calcified matrix supplying osteoclast precursors. Differentiated osteoclasts (bone resorbing
cells) use the lacunas in the calcified cartilage matrix as templates to initiate resorption.

Fig. 2. Development of long bone by endochondral ossification. Schematic diagram showing the initial
stages of endochondral ossification. A) Endochondral ossification is initiated from accumulated mesenchymal
cells, which continue to differentiate and starts forming the primary, and then later the two secondary
ossification centres. Trabecular bone is present after several cycles of remodelling16. B) The growth plate
between the epiphysis and diaphysis is enlarged and divided in the different zones. The growth plate
demonstrates the different stages of chondrocyte differentiation involved in endochondral bone formation.
The figure was produced by Madsen, S.H.
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Also osteoblasts (bone forming cells) arrive with the bloodstream and form a layer of woven
bone on top of the remaining cartilage. The septae of calcified cartilage separating the lacunae are
first resorbed by osteoclasts, while the remaining septae that extend into the diaphysis are used
for osteoblasts to deposit bone matrix, resulting in the vascular bone marrow cavity (fig. 2A) 19.
The bone continues to grow through both the growth plates in appertaining epiphyses.
In the growth plate (see fig. 2B) resting chondrocytes resume proliferation
organized in columns toward the diaphysis and then mature into hypertrophic cells that express
specific genes, such as collagen type X, and calcify the matrix. After apoptosis of the
hypertrophic chondrocytes, the calcified matrix is resorbed by osteoclasts followed by bone
deposit by osteoblasts. This process is known as the bone modelling process, where bone
resorption and formation occur independently of each other. This modelling continues as long as
needed, and eventually, secondary ossification-centres begin to form at the epiphyseal ends of the
long bone.
At the end of human adolescents, the proliferation of chondrocytes in the growth
plate slows down and eventually stops. The continuous replacement of cartilage by bone results
in the obliteration of the growth plate. Only articular cartilage remains. During primary bone
formation, woven bone structures are first formed, which comprise some amount of calcified
cartilage. The woven bone will later be replaced by the more robust lamellar bone without
calcified cartilage, during remodelling of the bone matrix (described in section 2.2.3), which is a
different process than the modelling process. Mineralization of articular cartilage and its
replacement by bone continues in the adult, however, at a much reduced rate than in growing
bone19,20.
2.2.2 Adult bone - macroscopic and microscopic organization
After a long bone is fully developed, it has two epiphyses covered with a layer of articular
cartilage, a cylindrical hollow portion in the middle called the diaphysis, and a transition zone
between them called the metaphysis (see fig. 3)16.
The long bone is divided in two types of structural bone (fig. 3):
I) The external part of the long bone is formed by a thick and dense layer of calcified tissue called
the cortex, which encloses the medullary cavity where the hematopoietic bone marrow is
housed17.
II) Toward the metaphysis and the epiphysis, the cortex becomes progressively thinner and the
internal space is filled with a network of thin, calcified trabecular bone. The spaces enclosed by
these thin trabeculae are also filled with hematopoietic bone marrow and are continuous with the
diaphyseal medullary cavity17.
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Fig. 3. Schematic drawing of a long
bone. A femur bone divided in sections:
epiphyses, metaphyses, and a diaphysis.
The different types of bone are shown;
cortex (hard) and trabecular (spongy)
bone. The proximal epiphysis (femur
head) and the distal epiphysis are
covered with cartilage to provide a
smooth friction (during movement). The
figure was produced by Madsen, S.H.

The weight bearing bones, such as the femur and tibia that comprises the knee, have two
opposite and important functions. The first is to resist loading, thus the bone must be stiff. The
second is to be flexible to withstand shock, compression and tension by energy absorption and
deformation21. The stiffness is achieved by mineralization and flexibility is achieved by a suitable
organic matrix composition. However, if the bone matrix is too mineralized, it will become brittle
and more prone to fractures, whereas if it is under-mineralized, the bone will be too flexible and
will crack more readily. Therefore, the functionality of the bone highly depends on the ratio of
organic and inorganic matrices21.
In mammalian bone, the inorganic part of the matrix (50-70%) consist of
hydroxyapatite crystals [3Ca3(PO4)2·(OH)2], which are layered on and within collagen fibres,
ensuring bone matrix stiffness (mineralization). The crystals tend to orient in the same direction
as the collagen fibres. The organic part of the matrix (20-40%) consists mainly of collagen type I
(approximately 90%), but also glycoproteins, proteoglycans, and non-collagenous proteins. The
collagen type I molecule is a triple helix (described further in section 2.3.4), which is assembled
into fibres, providing the tensile strength of the matrix. The orientation of the collagen fibres
determines the microscopic structure of the bone. During bone development or fracture healing,
where bone is formed very rapidly, there is no preferential organization of the collagen fibres; this
type of bone is called woven bone (fig. 4)17. Woven bone is characterized by irregular bundles of
collagen fibres and calcification, which occur in irregularly distributed patches. Woven bone is
progressively replaced by mature lamellar bone (fig. 4) during the remodelling process that
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follows normal development or healing. Lamellar bone is characterized by organized fibres,
which are forming arches for optimal bone strength. The lamellae can be parallel to each other if
deposited along a flat surface (trabecular bone) or concentric if deposited on a surface
surrounding a channel centred on a blood vessel17,22,23.

Fig. 4. Lamellar and woven bone.
Histological cut from fibula of rabbit
showing details of lamellar bone
concentrically organized and woven
bone mixed with cartilage and calcified
cartilage tissues24.

2.2.3 The cells of bone and their communications
Bone contains several types of cells, which are important during development, repair, and
maintenance. During bone development, the woven bone is modelled by resorption of calcified
cartilage by osteoclasts and formation of bone by osteoblasts, independently of each other (not
directly coupled)16,25,26. This is different in adult bone, where the tissue is constantly being
remodelled by a communication/coupling between osteoclasts and osteoblasts, which enable
bone to regenerate old or damaged tissue itself, adapt to changing stress environments, and
control calcium homeostasis.
Activation of the bone remodelling cycle is believed to be initiated by the
15,21,27,28
osteocytes
, which comprises the most abundant cell type in bone. Osteocytes are cells
trapped in the bone matrix. They rest in fluid-filled lacunae and communicate with surrounding
cells via extensions called canaliculi23,29. When bone ages, the tissue eventually suffers
microdamage and the surrounding osteocytes undergo apoptosis, which leads to signalling to the
nearest bone lining cells (fig. 5A). This results in increased expression of receptor activator of
nuclear factor kappa-B ligand (RANKL), which attracts osteoclast precursors to the damaged
area and initiates osteoclastogenesis. Osteoclasts derived from hematopoietic stem cells that are
differentiated into monocytes and subsequently pre-osteoclasts, which then fuse into large
multinucleated osteoclasts. The two cytokines, macrophage colony stimulating factor (M-CSF)
and RANKL, are produced by the cells of the osteoblast lineage, and are very important for the
differentiation of the osteoclasts (fig. 5A).
19
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Fig. 5. The remodelling cycle on trabecular
bone. A) A microcrack or old bone causes
osteocytic apoptosis, which induces RANKL
expression by bone lining cells. This attracts
monocytes to the damaged bone area, and
osteoclastogenesis starts. The osteoclasts will
start to resorb bone, which is followed by
formation of new bone matrix by the osteoblasts.
Osteoblasts that are trapped in the remodelled
matrix become osteocytes, whereas the rest
either die or become flattened osteoblast lining
cells. B) The resorbing osteoclast seals tightly to
the bone surface to create a closed local
environment known as the resorption lacuna.
This is where the bone resorption takes place, by
lowering the pH (secretion of H+) and by
releasing proteases by exocytosis. The figures
were produced by Madsen, S.H.

Active osteoclasts can be characterized by their ruffled cell borders, which seal and degrade the
underlying bone in the resorption pit, through the release of hydrogen ions (lowering of pH) and
proteases (such as cathepsin K and matrix metalloproteases). The resorbed bone tissue is
transported across the osteoclast in small vesicles and is released into the extracellular fluid (fig.
5B.)21.
20

CHAPTER 2: Introduction

When the job is done, the osteoclasts undergo apoptosis, and osteoblast precursors are attracted
to the site and are differentiated into mature osteoblasts. Osteoblasts are mononucleated bone
forming cells, which derive from mesenchymal stem cells that are differentiated into
osteoprogenitor cell (in the presence of bone morphogenic protein (BMP)), and further into preosteoblasts (fig. 5A). The mature osteoblasts deposit osteoid in which the collagens (mainly
collagen type I) are layered in an orderly fashion at sites of resorption, which converts into
lamellar bone when mineralized (a function also executed by the osteoblasts)30,31,32,33,34. When an
adequate amount of bone has been formed, the bone remodelling cycle ceases, and the
osteoblasts trapped in the bone matrix become osteocytes. The remaining cells undergo
apoptosis or differentiate into bone lining cells (fig. 5A)27,35,36.
The remodelling process showed in fig. 5A outlines important communication
processes from the osteoclasts to the osteoblasts, which is known as the coupling process that
ensures that resorbed bone is replaced by an equal amount of new bone35,36,37,38. There are several
theories about how this coupling process is regulated. These includes; the action of factors
released from the bone during resorption27,35,36,39, a closed bone remodelling
compartment25,40,41,42,43, a secretion of factors from the osteoclasts themselves or surface
signalling35,44,45,46. Reversely, osteoblasts are very important for the osteoclastogenesis, as they are
the source of M-CSF, RANKL and osteoprotegerin (OPG), in which the latter is a soluble decoy
receptor for RANKL31,33,47. Further, in the normal regulation of calcium homeostasis, parathyroid
hormone (PTH) stimulates osteoblasts to release RANKL and decreases the level of OPG. The
increased level of RANKL then stimulates osteoclasts to resorb bone26,48. These findings support
the conclusion that diverse and complex signalling systems coordinate the communication
between the bone cells.

The communication between osteoclasts and osteoclasts
is evident. The signal to osteoclasts through PTH via
osteoblasts is clear, whereas the coupling from
osteoclasts to osteoblasts is still debated.
No matter what... there is a communication between
the different cell types!
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2.2.4 Articular cartilage
In a normal knee joint, the epiphyses of femur and tibia are covered with a layer of articular
cartilage, which functions as shock-absorber and provides a friction-free surface that enables the
bones to move smoothly against each other. Articular cartilage is avascular and is not innervated.
In this way, nutrients from the synovial fluid are transported to the chondrocytes (the only cell
type in cartilage), and waste products are transported back to the synovial fluid by diffusion.
Chondrocytes are cartilage specific and comprise 2-5% of the total cartilage5,11,14,49. Their function
is to produce and maintain the surrounding matrix. Hence, the physical condition of cartilage
ultimately depends on the health of these cells. Similar to osteoblasts, chondrocytes derive from
the mesenchymal stem cells19,50, and they differentiate into pre-hypertrophic and hypertrophic
chondrocytes before they undergo apoptosis. Even though chondrocytes are metabolically very
active, they normally do not divide after adolescence. Only small defects associated with minimal
loss of matrix components are regenerated. More extensive defects exceed the repair capacity,
and consequently the damage becomes permanent51,52,53.
Cartilage tissue has unique viscoelastic and compressive properties provided by the
extracellular matrix (ECM) (fig. 6), which consists mainly of collagen type II (15%) and forms a
fibrous network that entraps proteoglycans (10%), of which aggrecan is the predominant
molecule. The aggrecan molecule is a protein that covalently binds sulphated glycosaminoglycan
(sGAG) chains to the core protein, which is non-covalently attached to hyaluronic acid. The
aggrecans attract water molecules, due to the high negatively charged sGAGs, and allow the
tissue to withstand compressive forces (water comprises approximately 70% of
cartilage)5,14,49,54,55,56. The ECM also contains a number of less abundant molecules such as minor
collagens, growth factors and adhesive molecules, which are out of the scope of this thesis14.

Fig. 6. Cartilage components.
The articular cartilage is mainly
composed of collagen type II,
chondrocytes and aggrecan
attached to hyaluronic acid. The
figure was produced by
Madsen, S.H.
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Cartilage is divided into different zones that have different chondrocyte phenotypes,
compositions, structures, and biomechanical properties (fig. 7). From the articular cartilage
surface and down to the subchondral bone, we find the superficial zone, the middle zone, the
deep zone and the calcified cartilage zone (fig. 7A). Since the superficial zone is exposed to
compression, tensile forces and diffusion, it has flattened chondrocytes and is rich in collagen
fibres that are parallel arranged to the surface (fig. 7B). In the middle zone, chondrocytes have a
spherical shape and are randomly distributed. The collagen fibres are arranged in an angulated
manner at which the compression load is better dispersed. The deep zone is responsible for
providing the greatest resistance to compressive forces. The collagen fibres are arranged in a
radial disposition, with the highest proteoglycan content, and the lowest water concentration. The
chondrocytes are still spherical, but are typically arranged in columnar orientation parallel to the
collagen fibres. The tide mark distinguishes the deep zone from the calcified cartilage zone. The
calcified layer plays an integral role in securing the cartilage to bone by anchoring the collagen
fibrils of the deep zone to the subchondral bone. In the calcified zone, the cell population is
scarce and chondrocytes are hypertrophic57,58.

Fig. 7. Schematic illustration of the zones observed within
articular cartilage. A) 3D view of articular cartilage divided in
different zones. B) The arrangements of collagens in the different
zones are illustrated in the boxes next to the cartilage zones. Adapted
with modifications from Sah et al.59.
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In healthy mature cartilage, the normal turnover of the ECM is kept in equilibrium by cytokines
and growth factors, which stimulate the production of proteinases and matrix components.
Chondrocytes maintain a low turnover rate with collagen having a half-life of more than 100
years and aggrecan having a half-life ranging from 3-24 years. In OA, the turnover is moved
toward more degradation than formation of the cartilage11,14.

Chondrocytes and osteoblasts both derive from
the mesenchymal stem cells, suggesting a
possible connection or natural communication
between the cells.
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2.3 The pathology of Osteoarthritis
OA is a complex disease of the entire joint. It is mainly characterized by the progressive
degradation of articular cartilage, formation of osteophytes (bone outgrowths) and alterations and
thickening of the subchondral bone (fig. 8)60,61. The main focus in the past decades has been on
the articular cartilage as the affected tissue and biomechanics as the causative agent. The
alterations in subchondral bone were believed to be secondary to the enforced inactivity.
However, several studies have shown that normal cartilage turnover is dependent on a healthy
subchondral bone62,63. Today, it is openly debated whether the pathogenesis of OA originates in
the bone or in the cartilage compartment, and it is not clear to which extend these two
compartments drives disease progression. An increased amount of evidence suggests a strong
coupling between the subchondral bone and the articular cartilage turnover with pathological
processes occurring concurrently in both compartments. Therefore, an optimal intervention
strategy for OA likely includes the targeting of both bone and cartilage compartments that affects
the pathophysiology of the whole joint by modulating and altering the interactions between the
different cell types.

Fig. 8. Illustration of a knee with severe osteoarthritis.
A severe chronic osteoarthritic knee, with eroded cartilage,
eroded meniscus, exposed bone and osteophytes (bone
outgrowths). Adapted with few modifications64.
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A schematic overview of the histopathological progression of OA is shown in fig. 965.
In very early OA, the superficial layer of cartilage is lost, the subchondral bone is getting
denser, and blood vessels are penetrating the calcified cartilage.
This affects the rest of the cartilage zones, which lose their organized matrix structures
(fibrillation and loss of proteoglycans) and chondrocyte order (cluster formation).
Simultaneously, the tidemark duplicates and is penetrated by blood vessels, and the
subchondral bone increases in size and density as the cartilage is calcified and replaced by
new bone.
In moderate OA, the organization of the collagen network and chondrocyte column
organization are lost and some of the chondrocytes have differentiated into hypertrophic
chondrocytes. The subchondral bone still increases in size and penetrate the cartilage
compartment.
In late OA, only some parts of the deep zone of cartilage is left and the subchondral bone has
increased in size and intermingled with cartilage (calcified zone has disappeared).
At the end stage OA, the cartilage is lost and the subchondral bone is exposed. This may lead
to synthesis of woven bone, which results in deformation of the joint.

Fig. 9. The pathological development of OA. The progression of OA is shown from the healthy stage to the
end stage of the disease, with focus on the matrix structure, cell number and phenotype, and ratio between
cartilage and subchondral bone. This figure illustrates the simultaneous processes of both bone and cartilage in
the pathogenesis of OA. Figure adapted from Bay-Jensen et al.65.

2.3.1 A chondrocyte is not just a chondrocyte
Most people develop OA in later stages of life. One of the main reasons lies within the adult
articular chondrocytes, which are ultimately responsible for remodelling and maintaining the
health of the cartilage, even though these cells possess only little regenerative capacity. Research
has shown that chondrocyte proliferation is rare in normal adult cartilage, and a reduction in the
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number of active chondrocytes occurs with age along with a reduction in their response to
anabolic factors. Therefore, the increased loss of chondrocytes during the later stages of life and
thus the increasing lack of regeneration eventually result in damaged cartilage and the
development of OA66,67,68,69,70. However, in the pathogenesis of OA, chondrocytes proliferate to
form multiple cells within a chondron, which is a pivotal change from normal cartilage, where
more than 2–3 cells are unusual, even in the elderly71. These clusters of chondrocytes in OA are
not to be mistaken for the chondrocytes in healthy adult cartilage, as chondrocytes can change
into different phenotypes during the progression of OA:
An anabolic phenotype that expresses ECM proteins; e.g. collagen type II and aggrecan72
A catabolic phenotype that expresses proteolytic enzymes that degrade the ECM11,73,74
A Hypertrophic phenotype that expresses collagen type X before it undergoes apoptosis75
A dedifferentiated phenotype that expresses collagen type I (often in repair areas after damage76,77
A chondroblastic phenotype that expresses fetal type IIA collagen and type III collagen78
The differentiation of chondrocytes into these phenotypes probably occurs due to a “panicattack” from the insufficient adult chondrocytes, who cannot keep up with the repair
mechanisms of damaged cartilage. As a solution, the very productive phenotypes seen from the
skeletal development are starting to emerge. Evidence of phenotypic change for chondrocytes is
reflected in the presence of collagens not normally found in adult articular cartilage. As an
example, the splice-variant of collagen type II, type IIA (which is normally expressed by
chondroblasts during development) is re-expressed in early and late-stage OA78. Other indicators
of a potential reversion of the cells to an earlier developmental phenotype are the hypertrophic
chondrocyte marker, collagen type X 79 as well as the general increased production of proteins,
proteinases, growth factors, cytokines, and other inflammatory mediators by more
active/productive chondrocytes80,81,82.

The adult articular chondrocytes normally maintain the cartilage
homeostasis with a low turnover of matrix constituents. In OA,
the chondrocytes attempt to recapitulate phenotypes of early stages
of cartilage development, whose rate of synthesis of matrix
constituents are faster. However, and unfortunately, the original
cartilage cannot be replicated.
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2.3.2 The extracellular matrix of cartilage in OA
The health of normal cartilage is maintained by a balance between matrix synthesis and
degradation. This balance is disturbed in OA. In early OA, there is increased synthesis of the
principal matrix molecules of cartilage82, including collagen type II and aggrecan. However, the
increased levels of these matrix molecules may be exported to the synovial fluid rather than
incorporated into the tissue56,83. This is seen by an elevated rate of cartilage proteoglycan turnover
in emerging OA and observed in the serum as an increase of aggrecan fragments in the synovial
fluid and sulphate epitopes84. Thus, there is a decrease in total proteoglycan concentration, chain
length and aggregation in OA cartilage85.

Proteoglycans play an important role in keeping the water in
the matrix. Thus it is important to understand the
degradation processes of aggrecan in OA, to find the right
treatment for the right stages of OA. This thesis investigates
the different degradations processes for aggrecan (PAPER III)

The elevated matrix synthesis in OA is accompanied by increased synthesis of proteases and
other inflammatory factors, which may be related to elevated levels of interleukin-1 (IL-1) and
tumour necrosis factor α (TNF-α)86,87. Multiple proteases are involved in the degradation of
cartilage, including cysteine-, aspartic-, serine-, and metalloproteinases. Especially, the expression
of the zinc-dependent matrix metalloproteinase (MMP) family of enzymes is highly up-regulated
in OA cartilage88,89. Mainly, MMP-1, -2, -3, -8, -9, -13 and -14 play a major part in protein
degradation. MMP-1, -8 and -13 (collagenases) mainly cleave collagen type II in the triple
helix81,90,91,92, whereas MMP-2 and -9 (gelatinases) cleave in the N-teleopeptide end93. Most MMPs
are secreted by chondrocytes as latent proMMPs, which can be activated by other proteases
through cleavage. As an example, MMP-2, -3 and membrane bound MMP-14 cleave other
proenzymes (e.g. MMP-13)94,95. MMP-3 (stromelysin) also breaks down collagen type II and
proteoglycans96,97. The breakdown of proteoglycans is also mediated by the aggrecanases, a
disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS), and this breakdown
is thought to be an early step in the loss of cartilage in OA98.
The activity of MMPs and ADAMTS are normally controlled by the endogenous
tissue inhibitors of metalloproteinases (TIMPs)99, which are also expressed by chondrocytes. An
imbalance between metalloproteinases and TIMPs, results in cartilage degradation89,100. The
expression of these TIMPs is down regulated by TNF-α in OA101, which furthermore contributes
to the imbalance between metalloproteinases and their inhibitors.
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Cysteine proteases are also essential players in the proteolytic cleavage of ECM in OA, which are
synthesized both by the chondrocytes and synovial cells in response to cytokines and growth
factors102. Cysteine proteases are normally responsible for the breakdown of collagen in bone,
especially collagen type I89. However, cysteine proteases, like cathepsins K, B and L, have also
been implicated as major participants in the degradation of collagen type II and
proteoglycans103,104,105,106. As an example, expression of cathepsin K is up regulated in articular
chondrocytes in a transgenic mouse model for OA102 and urine concentrations of the cartilage
breakdown products of collagen type II (CTX-II) are reduced by chronic cathepsin K
inhibition107. Furthermore, expression of cathepsin B, H, L, and S are seen in hypertrophic
chondrocytes, which are a hallmark of OA108. Besides the above mentioned actions, the main role
of cathepsins is believed to be indirect degradation of matrix proteins through activation of
MMPs109,110,111.
2.3.3 The subchondral bone in OA
The subchondral bone turnover increases in OA5,112, which is demonstrated by the increase in
alkaline phosphatase, osteocalcin, MMP expression (MMP-2 and -3), cytokines (TNF-α, IL-1, IL8, IL-10), transforming growth factor beta (TGF-β) and TIMP-1113,114. Furthermore, the
thickening of the subchondral bone with an abnormally low mineralization pattern115 supports a
greater proportion of osteoid in the diseased tissue with a higher turnover rate112. These changes
in mineralization and structural organization, of the subchondral bone compartment, result in
tissue stiffness. This stiffness impairs the ability of the subchondral bone to act as shock absorber
to the overlying cartilage116.
As described in section 2.1, the etiology of OA is unknown. An increasing line of
evidence suggests that both bone and cartilage, and not cartilage alone, contribute to the onset
and progression of the disease. Several studies have addressed the importance of subchondral
bone in the pathogenesis of OA. In a study with a primate model of spontaneous OA, the
progression of the disease severity of cartilage correlated with the increased thickness of the
subchondral bone. Moreover, the bone changes preceded the changes in cartilage 117. Another
study showed a correlation between cartilage loss in OA patients and increased subchondral bone
turnover as measured by uptake of technetium-labelled bisphosphonate118. These studies confirm
the importance of subchondral bone, either as an initiator or as a “partner in crime” in the
pathogenesis of OA.

The knowledge of subchondral bone in OA is limited. Thus this area
needs to be investigated more thoroughly, as both tissues are involved in
the pathogenesis of OA. This thesis also focus on the communication
between the cartilage and subchondral bone (PAPER I and II)
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2.3.4 Diagnostics - biochemical markers as a tool
Several methods may be used to detect OA. X-ray detection is the golden standard method, where
narrowing of the joint space indicates cartilage loss. Other ways to detect cartilage damage include
arthroscopy and magnetic resonance imaging (MRI)54,119. However, OA is often diagnosed at late
stages when the pain is unbearable for the patients, and the damages are too severe to repair.
Today, many biochemical markers have been developed for the purpose of diagnosing the stage or
degree of a specific disease.
A biochemical marker is a single molecule or fragment of a molecule that is released
into biological fluids (e.g. blood and urine) during tissue pathogenesis54. An increase in a specific
biochemical marker indicates alterations of turnover, i.e., increased synthesis or breakdown120.
Biochemical markers give a more accurate diagnosis of the severity of a disease for each patient, so
that treatment could be designed specifically for the individual patient. Furthermore, the response
to treatment or slow-down of the disease-progression can also be detected with these biochemical
markers.
OA is a disease affecting the whole joint and potential biochemical markers could
originate from cartilage, bone, synovium, ligaments, tendons and muscles. However, the systemic
levels from muscles, and some of the other tissues may exceed the small alterations seen from the
OA-joint. At present, clinical studies indicate that different biochemical markers of cartilaginous
matrix proteins may be useful to predict the early stages of cartilage damage and progression in
OA. However, detection of OA by biochemical markers alone is not possible yet, as they measure
systemic levels54. Nevertheless, the market for developing biochemical markers is increasing as it is
possible to design more target-specific biochemical markers (e.g. neo-epitopes with posttranslational modifications) or combine a specific selection of markers that represent one unique
disease121,122.
In OA, a central hallmark is the gradual destruction of articular cartilage and
alterations in the subchondral bone121. The turnover of subchondral bone increases in early OA,
which can be measured by increased formation and degradation of collagen type I (fig. 10A) and
osteocalcin123,124. The resorption of collagen type I by osteoclasts is mediated by the protease,
cathepsin K, which generates the neo-epitope, C-terminal telopeptide of collagen type I
(CTX-I)125,126,127. However, studies have shown that both CTX-I and osteocalcin decrease in the
body fluids of OA patients, indicating that overall bone turnover decreases in OA, whereas the
increased turnover seen in subchondral bone is lost in systemic levels128,129.
The turnover of cartilage is normally maintained by a balance between catabolic and
anabolic processes; however, in the case of pathological matrix destruction, the rate of cartilage
degradation exceeds the rate of formation, resulting in a net loss of cartilage matrix. During
degradation of articular cartilage, MMPs and aggrecanases are considered the most important
proteases for degradation of articular cartilage130,131,132. The key target proteins in cartilage is
collagen type II and aggrecan (fig. 10B+C). Other important molecules in articular cartilage
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include cartilage oligomeric matrix protein (COMP), link protein and hyaluronic acid, which are
out of the scope of the thesis.

Fig. 10. Schematic illustration of proteolytic cleavage sites on collagen type I, collagen type II, and
aggrecan. A) Collagen type I from bone. Formation of collagen type I is measured by PINP and PICP.
Degradation of collagen type I by osteoclasts through cathepsin K cleavage is measured by CTX-I. B) Collagen
type II from cartilage. Formation of collagen type II is measured by PIINP, PIIANP, and PIICP. Degradation of
collagen type II by MMP cleavage is measured by CTX-II or CIIM. C) Aggrecan from cartilage. Aggrecan
degradation is measured by the MMP-mediated marker, 342-G2, and the aggrecanase-mediated marker, 374-G2.
The sGAGs (red lines) are also measureable as a marker, representing aggrecan turnover. The three figures were
produced by Madsen, S.H.
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The degradation and formation of collagen type II can be measured by several biochemical
markers133, but the present thesis mainly focuses on the MMP-mediated biochemical markers; e.g.
C-terminal telopeptide of collagen type II (CTX-II)129,134 and the novel CIIM135 (fig. 10B). Several
studies have shown that the CTX-II level is elevated in OA patients and in cartilage degradation
from ex vivo-cultures134,136,137. It remains to be resolved whether this increase in CTX-II results from
degradation of pre-existing collagen type II or newly synthesized collagen138,139. The formation
markers of collagen type II, PIINP or PIIANP can in combination with the CTX-II or CIIM
markers provide a more complete understanding of the turnover-actions. PIIANP is an attractive
formation marker for OA-cartilage as it is an indicator of expression of the fetal form of collagen
type IIA, which is re-expressed by OA chondrocytes78,140. The formation markers, PIINP and
PIIANP, are normally suppressed in OA patients141,142. Another study has shown that PIIANP
levels are increased in OA patients138, suggesting that PIIANP values are not always consistent.
The degradation of aggrecan has attracted attention as a biochemical marker, as
aggrecan degradation occurs early in OA and prior to collagen degradation143. Both MMP and
aggrecanase-cleaved aggrecan fragments have been identified in synovial fluid144. The
concentration of aggrecanase-mediated fragments (374-G2) dominated the MMP-mediated
fragments (342-G2) in cartilage degradation ex vivo144,145, suggesting that the major mediators of
aggrecan loss in OA are the aggrecanases.

Biochemical markers are key-tools used to
investigate the hypotheses in this thesis.
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2.4 The effect of Glucocorticoids
Glucocorticoids (GCs) belongs to a class of steroid hormones that bind to the glucocorticoid
receptor (GR). This receptor is present in almost every vertebrate animal cell and activation of
GRs initiate an up-regulation of the expression of anti-inflammatory proteins and represses the
expression of pro-inflammatory proteins146. Consequently, GCs have potent anti-inflammatory
and immunosuppressive properties and are thus part of the feedback mechanism in the immune
system that decreases the inflammation147,148. Therefore, GCs are used as drugs to treat
inflammatory conditions such as arthritis (e.g. rheumatoid arthritis), dermatitis, and diseases that
are caused by an overactive immune system (allergies, asthma, and autoimmune diseases) (Table
1)146,148. GCs are also administered as post-transplant immunosuppressants to prevent any acute
transplant rejection and graft-versus-host disease. However, they do not prevent an infection and
they also inhibit later reparative processes146.
Treatment with GCs has many diverse effects, including potentially harmful side
effects (Table 1)146. Excessive GC levels resulting from administration as a drug affect many
systems, including inhibition of bone formation, suppression of calcium absorption and delayed
wound healing148. With respect to OA, intra-articular injections of GCs appear to have a reducing
effect on inflammation and pain149. Unfortunately, prolonged GC therapy results in GC-induced
osteoporosis150. Thus, to treat OA, GCs without detrimental effects on bone are needed.
The major endogenous GC in humans is cortisol, which was first used
therapeutically for rheumatoid arthritis by Hench and co-workers in 1949151. Since then, a large
number of synthetic compounds with GC activity have been developed for therapeutic use. They
differ in pharmacokinetics and pharmacodynamics152. The potencies and effects of some of the
synthetic glucocorticoids used for treatment are described in Table 1.

Table 1. Synthetic glucocorticoids and their effects/side-effects. Most of the synthetic glucocorticoids have
the same general effect (anti-inflammatory and immunosuppressive effects), but the potency and specificity for
certain diseases vary153,152.
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Hopefully, future studies may better define the molecular mechanisms of GC actions, thus
triggering the discovery of new GC formulations providing a better pharmacokinetic profile
and fewer adverse effects.

As GCs may be a potential treatment for
OA, the effects of prednisolone and
dexamethasone on bone and cartilage cells
are investigated in PAPER II
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CHAPTER 3
Overview of OA models
This Overview aims to introduce some of the different pre-clinical models used today to
investigate the pathogenesis of OA with emphasis on the ex vivo model. In brief, the complexity
and advantages/disadvantages of the different models and the motivation for developing the
femur head model (PAPER I) are described. Further, the controls used in previous ex vivo models
are evaluated in order to understand the selection of these controls for the present femur head
model (PAPER I).
3.1 Pre-clinical models
Clinical studies of OA in humans are expensive and very time consuming. Furthermore, clinical
studies do not provide information about processes and mechanisms involved in pathogenic OAtissues, which could be key information to prevent or stop the ongoing development of the
disease. For these and ethical reasons, pre-clinical models are commonly used to investigate the
metabolism of healthy/diseased bone or cartilage, which can be classified according to their
complexity (fig. 11):
In vitro; monolayer or pellet systems of isolated cells
Ex vivo explants cultures, in which the cells are held in their natural matrix
In vivo animal models; such as spontaneous, surgically induced, or transgenic, which resemble
the human disease (apart from the species/origin)
Each of these models has advantages and disadvantages depending on the purpose of the
investigation. In the following section, the methodology behind the three models will be described
in brief in relation to OA with main focus on the ex vivo model.

Fig. 11. The different types of pre-clinical models. In an in vitro model, cells are isolated from their natural
environments, which may cause them to change phenotype during culture. In an ex vivo model, the cells are
maintained in their natural environments, but lack systemic influence (pressure, blood supply etc.). In in vivo
models, the cells are maintained in their natural environment and host. The figure was produced by Madsen, S.H.
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3.2 Advantages/disadvantages of pre-clinical models
3.2.1 In vitro
Cultures of isolated chondrocytes are the easiest and most convenient way to investigate
chondrogenesis in vitro; inexpensive, easy to setup and handle. However, several limitations must
be considered. Two-dimensional monolayer cultures support the proliferation of articular
chondrocytes, but change their phenotypic appearance to de-differentiated fibroblast-like cells,
which synthesize collagen type I (a marker of osteoblasts)1,2. Consequently, cultures of isolated
chondrocytes are not suitable for investigating cartilage degradation or for studying mechanisms
involved in cartilage matrix assembly, but are rather used for investigating proteoglycan and
collagen biosynthesis in response to various stimuli (Table 2)3. Pellet culture systems were
originally described as a method for preventing the phenotypic de-differentiation of chondrocytes
in vitro4. This culture system allows three-dimensional cell-cell interaction and is investigated by
the same techniques as for isolated chondrocytes in monolayer, and additionally by
histology/immunohistochemistry (Table 1)5.
When investigating bone cells (osteoclasts and osteoblasts), the cells are not
isolated from the bone matrix, but differentiated from their progenitor cells (e.g. isolated from
blood) and cultured on e.g. bone or plastic6. Differently from isolated chondrocytes, osteoclasts
and osteoblasts are able to resorb and deposit bone, respectively, which is their natural task in
vivo. Thus, in vitro models for bone cells are very close to imitating in vivo conditions6. The
osteoclast and osteoblast cell cultures have been used to evaluate the direct effect of
glucocorticoids in this thesis (PAPER II).
3.2.2 Ex vivo
The more complicated and technically advanced ex vivo explants model offers the ability to
investigate the biology of the tissue, including both ECM and cells. This model also offers the
ability to investigate how the tissue is affected by different compounds7. The cells are embedded
in their natural matrix where the immediate environment is preserved, including macromolecules
and cell-binding proteins. Additionally, the explants model allows preservation of the cell
phenotype; e.g. the chondrocytes in cartilage explants maintain their spherical appearance (Table
2)8. Several studies have used the cartilage explants model to resemble the pathological events in
OA cartilage9,10,11. The pioneering work on porcine cartilage organ cultures were done by Fell et
al. in 197312,13. Since then, the cartilage explants model is widely used as a degradation assay that
allows investigation of cartilage metabolism in response to different stimuli and agents14,15,16. A
prominent example is that of Sondergaard et al., who showed that calcitonin abrogated the CTXII release from catabolically induced cartilage explants9. Other studies investigated the proteolytic
pathways in other cartilage ex vivo studies10,17. The advantage of studying cartilage metabolism in
the cartilage explants model is the unique in vivo likeness. In combination with biochemical
markers, this cartilage explants model is considered to be the best non-in vivo model in the study

44

CHAPTER 3: Overview of OA models

of OA7,18. The biochemical markers can be used in combination with histology/
immunohistochemistry to further characterize the pathogenesis of the cartilage14. The articular
cartilage explants model has been used in PAPER II, III, and IV to evaluate ECM turnover and
enzymatic activity.
There is an urgent need for the discovery and development of new treatments for
OA. A fundamental step in discovering new therapies for OA is to critically evaluate our
understanding of the etiology of the disease, including the complex relationship between cartilage
and bone. Thus, the cartilage explants model is not complete as it only comprises cartilage. When
the present PhD-project was initiated there were neither biological models nor tools that allowed
the investigation of the interaction between the bone and cartilage cells. Thus, there was a strong
need for an ex vivo model system comprising both bone and cartilage, which could provide a
unique opportunity to investigate cell-cell interactions and test novel drug candidates for OA.
This resulted in testing murine femur heads as potential candidates to constitute a novel explants
model since the femur heads comprise both bone and cartilage (fig. 12). Importantly, the femur
head is a closed system, which would not be damaged during isolation procedures (except on the
shaft), keeping the homogeneity high between the samples, whereas the cartilage explants have a
low homogeneity between the samples (Table 1). Isolation as a whole unit reduces the stress on
the cells as the ECM is still intact and uncontrollable repair mechanisms are avoided.

Fig. 12. The femur head comprises both bone and cartilage. The femur head is isolated from the femur
by cutting with a scissor. The femur head is a whole unit, which is only damaged at the cutting site (at the
femur neck). The femur head comprises both bone and cartilage, but also the transition zone of
bone/cartilage (e.g. growth plate during development). The interactions between the cells from the different
compartments, primarily the chondrocytes, osteoclasts, and osteoblasts, can be investigated in this femur
head explants model. The figure was produced by Madsen, S.H.

The pathology of OA involves the whole joint. The
development of a novel ex vivo model comprising both
bone and cartilage is characterized in PAPER I
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3.2.3 In vivo
Animal models are commonly used for investigating pathology that resembles the human disease
of interest. These in vivo animal models can often follow preliminary in vitro or ex vivo studies (fig.
11), which need their results to be confirmed in an in situ setting7,19. Furthermore, the complex
changes in the joint-tissue of OA patients may take decades to develop and the need to
investigate the early changes in robust and valid in vivo models has necessitated the use of living
animals in experiments. A range of animal models of OA have been developed, such as
spontaneous, surgically induced, and transgenic animal models. These models are not perfect, as
species are not alike, but the models offer the opportunity to display many of the pathologic
features that characterize the human disease. For example, transgenic mice with mutations in
collagen type II develops OA-like changes with age20,21, whereas surgically removed menisci can
be observed to induce osteophyte formation, cartilage fibrillation, loss of proteoglycans, and
cellular clustering within few weeks22,23. Moreover, several species spontaneously develop OA,
which highly resembles human OA, although these models are relatively slow to develop the
disease24,25.
To summarize the advantages, animal models can be used to study pathologic
events representing early OA in human patients, and they are applicable for investigation of the
effects of a variety of agents on the progression of the disease. Furthermore, only animal models
can show altered mental behaviour or catch potential side-effect from a drug (other tissues). One
obvious disadvantage of the in vivo animal models is the potential differences in tissue response
between animals and humans. Eventually, phase-trials of a potential drug would demonstrate the
effect or lack of effect in humans. Another important disadvantage is the ethical aspect of using
living animals, which will not be discussed further in this thesis. Below is a table with the
different pre-clinical models of cartilage.

Table 2. Comparison of different cartilage pre-clinical models. The advantages and disadvantages of the in
vitro, ex vivo and in vivo models are outlined in the table, which makes it easy to compare to each other. Adapted
with modifications from Sondergaard26.
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3.3 Ex vivo controls
In order to design an ex vivo model for experimentation, it is critical to acquire appropriate
controls, which induce an anabolic or catabolic system that represents regenerative or damaged
tissue. The acknowledged cartilage explants model has established the best controls for cartilage:
1) insulin-like growth factor-I (IGF-I) as an anabolic control, and 2) a combination of tumour
necrosis factor-α (TNF-α) and oncostatin M (OSM) as a catabolic control9,10,18. In the early stages
of OA, an increased amount of degrading enzymes is produced by the chondrocytes27. When
articular cartilage explants are stimulated with TNF-α and OSM, the chondrocytes also produce
these degrading enzymes9. OSM only induces a mild catabolic response in chondrocytes, but it
act synergistically with TNF-α10,28,29. Thus, articular cartilage explants cultured in the presence of
OSM and TNF-α are shown to be a useful ex vivo model of OA29. Next is a short description of
the three key factors used in the cartilage explants model:
IGF-I is important in skeletal development30, although this factor is primarily synthesized in the
liver under the influence of growth hormones. IGF-I is essential for bone formation and it
accounts for most of the chondrocyte-stimulating activity found in serum30. Several reports have
described IGF-I to be the major anabolic factor of cartilage31. The ability of IGF-I to enhance
matrix synthesis in normal cartilage is well established in vivo and in vitro28,32. For example, in
cultures of human articular chondrocytes, IGF-I induces the production of GAGs and collagen
type II31. Besides the chondroanabolic effects, it has been shown that IGF-I opposes the
activities of catabolic cytokines in articular cartilage. Tyler showed in 198932 that IGF-I reduces
proteoglycan degradation, probably by inhibiting the production and release of proteinases28,33.
TNF-α is mainly produced by macrophages, but also by a broad variety of other cell types.
TNF-α induces apoptosis, cellular proliferation, differentiation and inflammation. TNF-α has
been shown to be an important mediator of cartilage destruction in vivo28,32. Besides mediating
destruction of cartilage, TNF-α also inhibits synthesis of proteoglycan and collagen type II27.
OSM is a member of the IL-6 family and is synthesized by stimulated T-cells and macrophages.
Besides inhibition of proteoglycan synthesis, OSM also stimulates chondrocytes to produce
proteinases, which induce proteoglycan degradation27. However, Wahl & Wallace indicated in
2001 that OSM is anabolic; promoting wound healing, bone formation and anti-inflammatory
effects34.

The controls from the cartilage explants model
were evaluated and used in the femur head
explants model (PAPER I)
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PAPER I
___________________________________________________________________________

Introductory remarks

PAPER I validates a novel ex vivo model that allows investigation of cartilage and bone in one
closed system. The development and validation of the novel ex vivo model, included selection and
optimization processes that have not been included in PAPER I:
Selection of femur head as the explant sample (the embryonic tibia was tested first)
Sex of the mice
Time of culture period
Selection of conditioned medium
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Abstract
Objective: The pathophysiology of osteoarthritis involves the whole joint and is characterized by cartilage degradation
and altered subchondral bone turnover. At present, there is a need for biological models that allow investigation of the
interactions between the key cellular players in bone/cartilage: osteoblasts, osteoclasts, and chondrocytes. Methods: Femoral
heads from 3-, 6-, 9-, and 12-week-old female mice were isolated and cultured for 10 days in serum-free media in the absence
or presence of IGF-I (100 nM) (anabolic stimulation) or OSM (10 ng/mL) + TNF-α (20 ng/mL) (catabolic stimulation).
Histology on femoral heads before and after culture was performed, and the growth plate size was examined to evaluate the effects
on cell metabolism. The conditioned medium was examined for biochemical markers of bone and cartilage degradation/
formation. Results: Each age group represented a unique system regarding the interest of bone or cartilage metabolism.
Stimulation over 10 days with OSM + TNF-α resulted in depletion of proteoglycans from the cartilage surface in all ages.
Furthermore, OSM + TNF-α decreased growth plate size, whereas IGF-I increased the size. Measurements from the
conditioned media showed that OSM + TNF-α increased the number of osteoclasts by approximately 80% and induced
bone and cartilage degradation by approximately 1200% and approximately 2600%, respectively. Stimulation with IGF-I
decreased the osteoclast number and increased cartilage formation by approximately 30%. Conclusion: Biochemical markers
and histology together showed that the catabolic stimulation induced degradation and the anabolic stimulation induced
formation in the femoral heads. We propose that we have established an explant whole-tissue model for investigating cellcell interactions, reflecting parts of the processes in the pathogenesis of joint degenerative diseases.
Keywords
osteoarthritis, growth plate, ex vivo, femoral head, cytokines, IGF-I

Introduction
Osteoarthritis (OA) is a degenerative joint disease leading
to cartilage degradation and subchondral bone changes.
Many factors contribute to the onset of OA, including both
metabolic and biomechanical mechanisms, but it is still
debated in which tissue the disease initiates.1 In 1986, Dr.
Radin and Dr. Rose2 were the first to suggest that the
subchondral bone plays an important role in the initiation
and progression of OA. Physical characterizations of OA
include cartilage degradation, subchondral bone sclerosis
and thickening, and osteophyte formation.3-5 In addition,
trabecular bone in the subchondral region is thinned, and its
elasticity is lost.6-8
An increasing line of evidence suggests that there is a
strong interrelationship between subchondral bone and
articular cartilage. Subchondral bone is separated from the
articular cartilage by a thin layer of calcified cartilage.9
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How much do bone and its interaction with cartilage contribute to the causality of OA? It has been suggested that
bone turnover increases in patients with OA.3,4 In a canine
model, subchondral bone loss was seen in the early OA and
bone sclerosis in the late OA.10,11 A murine OA model, an
anterior cruciate ligament transaction (ACLT) model,
showed that bisphosphonates, approved as antiresorptive
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therapy for osteoporosis, effectively retarded the progression of cartilage degeneration and osteophyte formation,
indicating the importance of bone remodeling in the pathogenesis of OA.12 This and other studies suggest the existence of important interactions between bone and cartilage,
which might be key events in OA pathogenesis.13-17 However,
human cartilage explants cultured in the presence of isolated osteoblasts from OA patients have shown increased
proteoglycan degradation compared to cartilage cultured
with osteoblasts from healthy patients.13 Another group
suggested that osteoblasts from sclerotic subchondral bone
could initiate chondrocyte hypertrophy.14 The communication between osteoblasts and osteoclasts via PTH/RANKL
in normal bone turnover, where PTH stimulates osteoblasts
to release RANKL that in turn stimulates bone resorption
via osteoclasts, is well acknowledged.16 However, this
communication via PTH/RANKL is altered in joint tissues
from OA patients.17 This lack of correlation suggests that
the communication between the cells is very important for
maintaining a healthy joint, and more attention should be
directed toward investigating this communication.
Bone and cartilage degradation can be measured by biochemical markers, such as fragments of C-terminal telopeptide
of type I collagen (CTX-I), reflecting bone resorption,18 and
fragments from C-terminal telopeptide of type II collagen
(CTX-II), reflecting cartilage degradation.19,20 The turnover of
aggrecan, the predominating proteoglycan in cartilage, can be
measured by the release of sulfated glycosaminoglycans
(sGAGs) from the extracellular matrix (ECM). The formation
of cartilage can be measured by the biomarker, PIINP, which
is the collagen type II propeptide at the N-terminal.21
Biochemical markers for measuring biological processes,
especially in OA, are valuable descriptive tools.
A model that not only identifies the different changes in
cartilage degradation but simultaneously changes adjacent
bone may be useful for investigating interactions between
these 2 tissues. An in vitro model like this would allow us
to investigate and evaluate potential effects of a given compound before in vivo experiments. Thus, such a model may
be an important tool for finding potential joint disease–
modifying drugs with “dualaction” targeting both bone and
cartilage. Femoral heads from mice are small, enclosed
compartments, which comprise both bone and cartilage.
Thus, the interaction between osteoblasts, osteoclasts, and
chondrocytes remains intact in the closed system when
isolated from mice. The femoral heads are an open opportunity for investigating the signaling and communication
between cells of bone and cartilage in near-normal conditions and under stimulation from a compound of interest.
In this study, we developed and characterized a murine
femoral head ex vivo model in which we were able to
induce a catabolic or anabolic response. As controls, we
chose oncostatin M (OSM) + tumor necrosis factor (TNF)-α
and insulin-like growth factor (IGF)-I, which we have
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previously established in other ex vivo models as catabolic
and anabolic controls, respectively.21,22 The idea for this
model has emerged from a previously reported murine
femoral head model, where only the cartilage compartment
was cultured as part of investigating the enzymatic proteoglycan degradation.23

Methods
The Murine Femoral Head Explant Model
Femoral heads from 3-, 6-, 9-, and 12-week-old NMRI
(inbred) female mice (Charles River, Sulzfeld, Germany)
were isolated by cutting at the femoral neck. The femoral
heads were cultured in the media DMEM:F12 (Invitrogen,
Taastrup, Denmark) + penicillin and streptomycin (P/S)
(Lonza, Vallensbaek Strand, Denmark) + 10% serum
(Invitrogen) for 2 hours to adjust to the isolation. The
femoral heads were washed in serum-free DMEM:F12 +
P/S 5 times and randomly placed in doublets in each well
in a 24-well plate. Some femoral heads were saved directly
in 4% formaldehyde (Merck, Hellerup, Denmark) to be
able to evaluate the femoral heads at the point before culturing (T = 0). The rest of the femoral heads were cultured
for 10 days in DMEM:F12 + P/S in the absence (nonstimulated control named W/O) or presence of the anabolic factor, IGF-I (100 nM) (Sigma-Aldrich, Copenhagen,
Denmark), or catabolic cytokines, OSM (10 ng/mL)
(Sigma-Aldrich) + TNF-α (20 ng/mL) (R&D Systems,
Abingdon, UK). Each treatment was repeated 5 times. The
conditioned media were changed and saved in –20 °C at
days 4, 7, and 10, except for experiments with 12-week-old
mice, which only were saved at day 10 (the conditioned
media at day 10 comprises the total release from the whole
culture period). Overall cell viability was monitored using
the dye Alamar Blue (Invitrogen) at day 10. The femoral
heads were washed 3 times in PBS (Lonza) and saved in
4% formaldehyde. All culturing of femoral heads was at
37°C and 5% CO2. For experiments with 3-, 6-, and 9-weekold mice, the conditioned media from days 4, 7, and 10
were assessed by biochemical markers of bone and cartilage. All 3 days were accumulated into one graph, to represent the total release of the respective biochemical marker
from the femoral heads, during the 10-day culture period.
For the experiments with 12-week-old mice, the total
releases were measured at day 10. The microscopic changes
were assessed by histology.

Biochemical Markers
The biochemical marker CTX-I was used to detect type I collagen degradation fragments in the conditioned medium. The
competitive ELISA used, RatLaps (IDS Ltd., Herlev,
Denmark), quantified cathepsin K–mediated degradation
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products of type I collagen. The primary antibody was
directed toward the neoepitope 1196EKSQDGGR.24 Serum
Pre-clinical CartiLaps (IDS Ltd.) was used to quantify MMPmediated degradation products from type II collagen. The
primary antibody was directed toward the neoepitope
1230
EKGPDP.24 PIINP (IDS Ltd.) was a biochemical marker for
cartilage formation. The primary antibody was directed against
an internal epitope of the N-terminal propeptides of collagen
type II: 122GPQGPAGEQGPRGDR136.25 All 3 ELISAs were
preformed accordingly to the manufacturer’s protocols.

Measurement of Collagen Turnover
The amino acid hydroxyproline was used as a measurement
of total collagen release since it is a major component of
collagen. The 20 uL sample or standard (prepared from
1-hydroxyproline diluted in 1 mM HCl) was diluted 5 times
in 7.5 M HCl and hydrolyzed overnight (20 hours) at 110 °C.
Samples were centrifuged for 2 minutes at 3000 g/min and
then evaporated at 50 °C until samples were completely
dry. Isopropanol/H2O (2:1) of 25 uL (Merck) was used to
dissolve samples, and 10 uL of dissolved sample was transferred to a new plate, to which 20 uL isopropanol was
added. This was oxidized by the addition of 10 uL of solution I (1 part of 24 M chloramines [Sigma-Aldrich] to 4
parts of 1 M Na-acetate [Sigma-Aldrich], 0.33 M Na3
citrate [Merck] and 0.07 M citric acid [Merck] dissolved in
isopropanol) incubated for 4 ± 1 minutes. There was 130 uL of
solution II (3 parts of 4.5 M 4-dimethylamino-benzaldehyde
[Sigma-Aldrich] dissolved in 60% perchloric acid [Merck]
to 13 parts of isopropanol) added and incubated at 60 °C for
25 ± 5 minutes. The absorbance was measured at 558 nm
on an ELISA reader.

Quantification of Osteoclast Number
TRAP was a quantitative measurement of osteoclast
number. The reaction buffer (1.0 M sodium-acetate, 0.5%
Triton X-100, 1 M NaCl, 10 mM EDTA [pH 5]) (Merck),
50 mM ascorbic acid (Sigma-Aldrich), 0.2 M disodium
tartrate (Merck), 82 mM 4-nitrophenylphosphate (SigmaAldrich), and milli = Q were mixed 2:1:1:1:3 into a final
TRAP solution buffer. Sample and final TRAP solution
buffer was mixed (1:4) and incubated for 1 hour at 37 °C.
There was 0.3 M NaOH (Merck) added to stop the color
reaction, and the absorbance was measured at 405 nm with
650 nm as reference.

Quantification of Proteoglycans by Measurement of
Sulfated Glycoaminoglycans
Proteoglycans were used to quantify cartilage turnover by
measuring sulfated glycosaminoglycans. An assay using the
dye 1.9-dimethylmehylene blue chloride (Sigma-Aldrich)
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in a solution of sodium formate (Sigma-Aldrich) and formic acid (Merck) was used. A standard curve was prepared
with chondroitin sulfate (Sigma-Aldrich) ranging from 0 to
100 ng/mL. The 40 uL standard or sample was transferred
to a microtiter plate, followed by 250 uL 38.5 uM
1.9-dimethylmethylene blue chloride. The absorbance was
immediately read at 650 nm on an ELISA reader to avoid
precipitation.

Histological Analysis
Tissue preparation. After the culture period, femoral heads
were decalcified in 15% EDTA at room temperature for
approximately 1 week. Femoral heads were embedded separately in paraffin blocks and cut into 5-µm-thick sections.
Excessive paraffin was removed by placing sections at 60 °C
for 1 hour and dried at 37 °C overnight before staining.
Safranin O and fast green staining. To visualize bone and
cartilage, safranin O (Sigma-Aldrich) stained proteoglycans red, and fast green (Sigma-Aldrich) stained collagens
green. Cartilage was stained red due to the excess of proteoglycans compared to collagens. Sections (5 µm) were
stained according to Bay-Jensen et al.26 Digital histographs
were taken using an Olympus BX60F-3 microscope and an
Olympus DP71 camera (Tokyo, Japan).
Annotations of the femoral head to measure size of the
growth plate. Digital histographs of femoral heads from
12-week-old mice were evaluated by standardized annotations, ensuring anatomical correspondence. A line connects
the black dots where the cartilage starts on the femoral
neck. The center of this line is perpendicularly connected to
the cartilage surface, and 2 lines are placed at an angle of
30° from this perpendicular line. The lengths of the section
of the 3 lines where they cross the growth plate are calculated to find the average length of the growth plate. The
growth plate was evaluated in 4 different femoral heads
(from 4 different experiments) from each treatment.

Statistical Analysis
Results are shown as mean ± standard error of the mean
(SEM). Differences between mean values were compared by
the Student t test for unpaired observations, assuming normal
distribution where 5 replicates were used. Differences were
considered statistically significant if P < 0.05.

Results
Femoral Heads Exhibit Different Bone and Cartilage
Morphology during Development
Each individual age has a unique bone and cartilage morphology. In 3-week-old mice, the cartilage compartment is
dominating (red stain) compared to the bone compartment
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Figure 1. Characterization of the development in murine femoral heads. Sections from femoral heads from 3-, 6-, 9-, and 12-week-old
mice were stained with safranin O and fast green, which color the proteoglycans red and the collagens green. The black bars represent
250 µM (A-D) and 100 µM (E-L). The numbers represent growth plate (1), ligamentum teres femoris (2), endochondral ossification (3),
immature bone embedded with calcified cartilage (4), prehypertrophic and hypertrophic chondrocytes (5), calcified cartilage (6), woven
bone (unmineralized) (7), lamellar bone (mineralized) (8), secondary ossification center (9), and articular cartilage (10).The black squares
in the whole femoral heads (A-D) represent the magnification of either the cartilage compartment (E-H) or the bone compartment
(I-L), which is divided in columns after age.

(green stain); however, the cartilage is not fully materialized (Fig. 1A). The cartilage-bone ratio changes over time
due to the development of the secondary ossification center
at the age of 9 weeks (Fig. 1C). The growth plate is visible
as a thick line of dense red staining separating bone from
cartilage in the 3-week-old mouse, which decreases concurrently with increasing age (Fig. 1A-D). In femoral heads
of 3-week-old mice, the cartilage predominantly consists of
proliferating, prehypertrophic, and hypertrophic chondrocytes (Fig. 1E), whereas the 6- and 9-week-old mice have
less proliferating chondrocytes, which are located in the
reduced growth plate (Fig. 1F and G). Additionally, the
extracellular matrix of the cartilage compartment in 3- to
9-week-old mice is calcified (Fig. 1E-G), preparing itself
for the secondary ossification center, whereas the cartilage
compartment is mainly articular cartilage (noncalcified) at
12 weeks of age (Fig. 1H). The bone compartment in the
3-week-old mice consists of immature bone embedded with
calcified cartilage (Fig. 1I). As the mice get older, the calcified cartilage is replaced by unmineralized bone (normal
endochondral ossification process), resulting in woven
bone with a high proportion of osteocytes (Fig. 1J and K).
The mechanically weak woven bone is replaced by more

resilient lamellar bone (mechanically strong) with a low
proportion of osteocytes when the mice reach the age of 12
weeks (Fig. 1L). Overall, these results suggest that the different ages represent different developmental stages, as
expected, especially with regards to ratio and quality of
bone and cartilage, and thus, these can individually be used
in our ex vivo model for specific purposes.

Anabolic and Catabolic Stimulations Induce
Morphological Changes
The viability of the cells of the cultured femoral heads is
not impaired by the 10 days of anabolic or catabolic stimulation (data not shown). Femoral heads stimulated with
OSM + TNF-α show a major loss of proteoglycans from the
cartilage compartment at the age of 3 weeks (Fig. 2F) compared to the nonstimulated control (W/O) (Fig. 2A). In
9-week-old femoral heads, OSM + TNF-α stimulation
increases the loss of proteoglycans from the cartilage surfaces (Fig. 2H) compared to the nonstimulated controls
(W/O) (Fig. 2C). However, in femoral heads from 6-weekold mice, both nonstimulated (Fig. 2B) and OSM + TNFα–stimulated (Fig. 2G) femoral heads have lost proteoglycans
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Figure 2. Microscopic changes after catabolic and anabolic stimulation. Sections from femoral heads from 3-, 6-, 9-, and 12-week-old
mice were stained with safranin O (proteoglycans) and fast green (collagens) after culture for 10 days in the absence (W/O) or presence
of IGF-I (anabolic) and OSM + TNF-α (catabolic) stimulation. The black bars represent 250 µM (A-D, F-I, K-N) and 20 µM (E, J, O). The
black squares in the 12-week-old femoral heads (D, I, N) represent the magnification of the cartilage surface (E, J, O), which is divided
in rows after treatment.

from the cartilage surface. In 12-week-old femoral heads,
the proteoglycans seem to be almost depleted from the cartilage compartment in the nonstimulated (Fig. 2D) and the
OSM + TNF-α–stimulated (Fig. 2I) explants. Anabolic
stimulation with IGF-I protects against the proteoglycan
loss seen in W/O (Fig. 2A-D and K-N). Additionally, in
12-week-old mice, anabolic stimulation shows proteoglycan
staining around the chondrocytes (Fig. 2O) compared to the
W/O (Fig. 2E). Next, we measured the size of the growth
plate to investigate whether morphological changes could
be induced (Fig. 3A). The size of the growth plate in IGFI–stimulated 12-week-old femoral heads is increased by
approximately 48% (P < 0.001) compared to W/O, whereas
OSM + TNF-α stimulation decreases the growth plate size
by approximately 34% (P < 0.001) compared to W/O (Fig.
3B). This indicates that we are able to induce alteration to
the femoral heads ex vivo with catabolic (degenerative) or
anabolic (generative) factors.

Catabolic Stimulation Increases Collagen and
Proteoglycan Turnover
Levels of hydroxyproline, an indicator of total collagen
turnover, in the conditioned medium indicate that stimulation
by OSM + TNF-α increases the total release of collagens by
approximately 49% (P < 0.05) to approximately 190%
(P < 0.001) in femoral heads aged 6, 9, and 12 weeks, but not in
femoral heads from 3-week-old mice (Fig. 4A). The longitudinal effects from the different stimulations are shown in
Table 1. OSM + TNF-α increases the release of collagens
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Figure 3. Quantification of growth plate zone in femoral heads.
Sections from femoral heads from 12-week-old mice were stained
with safranin O (proteoglycans) and fast green (collagens) after
culture for 10 days in the absence (W/O) or presence of IGF-I
(anabolic) and OSM + TNF-α (catabolic) stimulation. The growth
plate size was measured in one femoral head per treatment from 4
different experiments using the annotation system (see Methods).
The growth plate thickness (µm) is calculated by the average of
the black lines in the growth plate (A). The catabolic stimulation
decreased the growth plate size, whereas the anabolic stimulation
increased the size of the growth plate (B). ***P < 0.001.

over time in 6- and 9-week-old mice. In femoral heads from
12-week-old mice, the anabolic stimulation also increases
total collagen release by approximately 49% (P < 0.01)
compared to W/O (Fig. 4A). OSM + TNF-α stimulation
increases the total release of sulfated glycosaminoglycans
(sGAG) to the conditioned media by approximately 22%
(P < 0.05) to approximately 40% (P < 0.01), except from
the experiment with 6-week-old mice (Fig. 4B); however,
similar trends were observed.
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Figure 4. The catabolic control induces a release of collagens and proteoglycans. The experiments were assessed by the collagen
degradation marker, hydroxyproline (A), and the proteoglycan turnover marker, sGAG (B). Each graph represents the accumulated
measurements from days 4, 7, and 10 except from 12-week-old mice (only day 10). Cytokine stimulation increases the collagen release
in experiments with 6-, 9-, and 12-week-old mice (A). Cytokine stimulation also increases proteoglycan release in experiments with 3-,
9-, and 12-week-old mice (B). Asterisks indicate statistical significance: *P < 0.05; **P < 0.01; ***P < 0.001.
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Table 1. Biochemical Markers Measured from the Conditioned Medium at Days 4, 7, and 10 in the Different Age Groups
Age of Culture Stimulated
Mice, wk Day
with

3

6

9

sGAG, µg/mL

TRAP

4

W/O
O +T
IGF

5.22 ± 0.81
6.21 ± 1.22
5.16 ± 0.59

113.12 ± 3.46
0.47 ± 0.06
143.84 ± 8.45** 0.81 ± 0.12*
92.61 ± 10.11* 0.63 ± 0.06

7

W/O
O +T
IGF

2.59 ± 0.46
2.41 ± 0.35
4.38 ± 0.46*

49.51 ± 8.51
87.18 ± 5.04**
58.96 ± 4.34

10

W/O
O +T
IGF

3.56 ± 0.53
3.09 ± 0.29
4.53 ± 0.55

4

W/O
O +T
IGF

7

CTX-I, ng/mL

PIINP, ng/mL

CTX-II, pg/mL

2.97 ± 0.82
3.23 ± 0.27
3.79 ± 0.84

93.61 ± 4.65
48.69 ± 3.73
54.92 ± 9.58** 74.96 ± 19.19
100 ± 0.00
26.10 ± 3.87**

0.27 ± 0.02
0.33 ± 0.01*
0.26 ± 0.01

4.61 ± 0.54
11.72 ± 3.54
4.49 ± 0.39

68.78 ± 5.55
6.30 ± 1.40
40.83 ± 3.02** 17.44 ± 3.83*
74.38 ± 1.76
15.28 ± 1.86**

70.74 ± 4.85
83.18 ± 9.70**
89.71 ± 3.88*

0.22 ± 0.001
0.25 ± 0.01**
0.21 ± 0.01

2.55 ± 0.56
3.62 ± 0.47
2.26 ± 0.17

46.01 ± 3.05
0.48 ± 0.38
28.95 ± 2.11** 7.90 ± 1.93**
69.24 ± 1.38*** 8.51 ± 1.50**

1.34 ± 0.16
1.69 ± 0.11
1.27 ± 0.09

40.52 ± 5.05
50.53 ± 0.68
24.16 ± 3.10

0.29 ± 0.03
0.36 ± 0.03
0.21 ± 0.01*

3.21 ± 0.39
5.29 ± 0.76*
4.26 ± 0.16*

54.55 ± 6.48
64.01 ± 4.38
82.18 ± 6.23*

W/O
O +T
IGF

1.48 ± 0.28
1.57 ± 0.13
1.77 ± 0.06

24.22 ± 4.24
20.86 ± 1.01
24.86 ± 2.79

0.24 ± 0.01
3.11 ± 0.65
0.46 ± 0.05** 13.77 ± 4.18*
0.18 ± 0.002*** 4.21 ± 0.47

74.48 ± 2.48
16.26 ± 1.68
59.43 ± 3.58** 139.18 ± 27.05**
64.86 ± 5.31
14.81 ± 2.50

10

W/O
O +T
IGF

1.53 ± 1.02
2.37 ± 0.38
2.02 ± 0.45

6.42 ± 1.32
10.81 ± 1.00
10.35 ± 0.51

0.19 ± 0.01
0.45 ± 0.06**
0.19 ± 0.02

56.22 ± 1.54
48.12 ± 4.02
44.61 ± 5.05

12.94 ± 1.70
160.84 ± 45.55*
14.47 ± 2.19

4

W/O
O +T
IGF

2.26 ± 0.40
1.61 ± 0.38
2.05 ± 0.37

25.56 ± 1.35
28.26 ± 2.72
22.08 ± 2.46

0.33 ± 0.03
10.82 ± 0.84
0.36 ± 0.04
14.46 ± 2.72
0.24 ± 0.004** 4.80 ± 0.29***

65.45 ± 3.70
54.89 ± 3.22
78.57 ± 2.69*

68.75 ± 11.89
59.61 ± 9.14
36.53 ± 8.24

7

W/O
O +T
IGF

1.49 ± 0.35
3.01 ± 0.88
1.49 ± 0.27

9.70 ± 1.93
15.95 ± 1.56*
11.39 ± 2.18

0.36 ± 0.04
0.48 ± 0.06
0.23 ± 0.01**

53.16 ± 4.19
32.18 ± 3.13
46.87 ± 2.82 309.83 ± 34.52***
66.78 ± 2.62* 18.63 ± 5.09

14.12 ± 2.34

0.30 ± 0.02

10

12a

HP, µg/mL

10

W/O

2.34 ± 0.41

O +T
IGF

6.76 ± 0.13*** 20.10 ± 0.91*
3.05 ± 0.81
13.32 ± 1.35

W/O
O +T
IGF

4.79 ± 0.53
19.74 ± 1.31
13.89 ± 1.59*** 24.00 ± 1.39*
7.15 ± 0.43** 23.67 ± 1.11

0.55 ± 0.07**
0.23 ± 0.03

2.08 ± 0.14
6.02 ± 1.07**
4.58 ± 0.29***

14.86 ± 2.50
18.71 ± 1.98
14.87 ± 2.68

10.70 ± 0.86
29.66 ± 4.14**
8.38 ± 2.30

9.09 ± 1.07

29.98 ± 3.36

30.86 ± 6.86

24.13 ± 3.33**
6.25 ± 0.49*

33.73 ± 2.81
33.09 ± 1.78

361.52 ± 2.09***
37.77 ± 13.16

0.19 ± 0.008
27.84 ± 8.69
20.31 ± 3.61
62.88 ± 28.45
0.30 ± 0.037* 341.39 ± 78.25*** 0.80 ± 0.80* 1714.80 ± 379.31**
0.17 ± 0.011
42.60 ± 16.09
67.78 ± 0.73*** 54.07 ± 22.04

Note: Values are significantly different from W/O.
a
The biochemical markers released from 12-week-old mice at day 10 represent total release from the entire culture period.
*P < 0.05. **P < 0.01. ***P < 0.001.

OSM + TNF-α Increases the Osteoclast Number
and Bone Resorption
Measurements of the conditioned media show that stimulation with OSM + TNF-α increases the tartrate-resistant
acid phosphatase (TRAP) activity for all the age groups in
a range from approximately 41% (P < 0.05) to approximately 78% (P < 0.01) compared with their respective
W/O, indicating increased osteoclast numbers (Fig. 5A).
OSM + TNF-α increases the osteoclast number over time
in 6- and 9-week-old mice. However, the osteoclast number
decreases over time in 3-week-old mice (Table 1).
Conversely to OSM + TNF-α stimulation, IGF-I stimulation shows approximately 17% (P < 0.05) to approximately 29% (P < 0.01) decrease in the osteoclast number
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in 6- and 9-week-old mice (Fig. 5A), which results from
constant low values measured at all 3 days (Table 1). The
collagen type I resorption measurements reflect the
respective osteoclast number during catabolic stimulation. The resorption increases approximately 65% (P <
0.05) to approximately 1200% (P < 0.001) in the presence
of OSM + TNF-α stimulation compared to W/O (Fig. 5B).
However, in 6-week-old mice, the collagen type I resorption measurements do not reflect the TRAP activity when
stimulated with IGF-I. In 3- and 6-week-old mice, the
resorption of collagen type I peaks at day 7, whereas it
peaks at or after day 10 in 9-week-old mice (Table 1).
These measurements show that it is possible to measure
osteoclast number and activity via biochemical markers in
our ex vivo model.
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Figure 5. Cytokines increase the osteoclast number and resorption of bone. The conditioned media from the 4 experiments with 4
individual age groups were assessed by the osteoclast number measured by TRAP activity (A) and the collagen type I resorption marker,
CTX-I (B). Each graph represents the accumulated measurements from days 4, 7, and 10 except from 12-week-old mice (only day 10).
Catabolic stimulation increases the osteoclast number in all 4 experiments, whereas the anabolic stimulation decreases the osteoclast
number in the experiments with 6- and 9-week-old mice (A). Cytokines (O + T) also increase the total collagen type I resorption in the
experiments with 6-, 9-, and 12-week-old mice (B). *P < 0.05. **P < 0.01. ***P < 0.001.
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IGF-I and OSM + TNF-α Stimulation Mediate
Collagen Type II Formation and Degradation,
Respectively
Collagen type II formation, measured by the PIINP released
into the conditioned medium, decreases over time (Table 1).
However, the total collagen type II formation increases by
approximately 22% (P < 0.05), approximately 21% (P <
0.05), and approximately 230% (P < 0.001) in anabolic
stimulated (IGF-I) femoral heads from 3-, 9-, and 12-weekold mice, respectively, when compared to W/O (Fig. 6A).
OSM + TNF-α decreases collagen type II formation by
approximately 38% (P < 0.01) and approximately 96%
(P < 0.05) compared to W/O in 3- and 12-week-old mice,
respectively (Fig. 6A).
Stimulation with OSM + TNF-α increases the degradation of collagen type II by approximately 450% (P < 0.001)
to approximately 2600% (P < 0.01) in femoral heads from
mice aged 6, 9, and 12 weeks, while femoral heads from
3-week-old mice show only a nonsignificant increase
(~80%) compared with W/O (Fig. 6B). The longitudinal
release pattern of CTX-II shows that OSM + TNF-α
increases the collagen type II degradation over time in 6and 9-week-old mice (Table 1). In 3-week-old mice, the
release of CTX-II decreases over time (Table 1). These
results indicate that we are able to induce cartilage formation and degradation in our ex vivo model.

Discussion
OA is a complex disease of the entire joint affecting both
bone and cartilage.12,27 Currently, there are no effective
disease-modifying OA drug (DMOAD) treatments.28 We
have developed an ex vivo murine femoral head model,
comprising both bone and cartilage in one closed compartment system that allows us to identify changes in bone and
cartilage simultaneously. This model allows interactions
between cartilage and bone cells—chondrocytes, osteoblasts, and osteoclasts—in a manner resembling their in situ
conditions and microenvironment. However, the availability for humoral communication, due to the direct contact
between the culture media and the different tissues, far
exceeds what is possible in vivo. Furthermore, the ex vivo
model does not mimic the biomechanical communication
between bone and cartilage that is part of both normal
physiology and pathophysiology. Nevertheless, the model
is an important fundamental tool, allowing us to find preliminary results for potential therapies targeting one or both
tissues. These preliminary results could aid the selection of
which future in vivo experiments, concerning joint diseases, should be investigated.
We were able to induce catabolic and anabolic responses by
stimulation with catabolic and anabolic factors, respectively.
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Catabolic stimulation resulted in increased bone resorption
and degradation of cartilage, whereas anabolic stimulation
had a protective effect against proteoglycan loss and
resulted in increased cartilage formation.
Even though the different developmental stages of
endochondral ossification, including that of the femoral
head, are known from the literature already,29 it was important to determine the individual stages in our particular
murine model for comparison with the available literature.
The microscopic evaluation of femoral heads from mice
aged 3 to 12 weeks revealed unique bone and cartilage
morphologies.
In 3-week-old mice, the cartilage had a high metabolic
rate due to the ongoing endochondral ossification process.
The cartilage compartment was dominating compared to
the bone compartment and mainly consisted of proliferating and hypertrophic chondrocytes, which included a large
and active growth plate. Hypertrophic chondrocytes are a
hallmark of early OA,30 so this murine age group is highly
relevant for preliminary studies, for finding potential
DMOADs, by investigating the complicated nature of this
phenotype. This age group is also relevant for investigating
the metabolism of very active cartilage in vitro.
In mice aged 6 and 9 weeks, the ratio of bone to cartilage was more even, and an emerging secondary ossification center had started to penetrate the cartilage compartment
in 9-week-old mice. The bone compartment was deposited
as woven bone with a high proportion of osteocytes. Woven
bone forms quickly when osteoblasts produce osteoid,
which occurs initially in all fetal bones but is weak due to
a disorganized collagen structure. The growth plate was
reduced by more than 70%, separating the woven bone
from the indefinable mix of prehypertrophic and hypertrophic chondrocytes (in calcified cartilage) in an evenlooking arc. These 2 age groups are unique for investigating
the metabolism of hypertrophic chondrocytes in the presence of woven bone (comprised of osteoclasts, osteoblasts,
and osteocytes) or for studying the initial development of
the secondary ossification center.
In 12-week-old mice, the bone compartment had become
larger than the cartilage compartment, in direct contrast to
the situation with 3-week-old mice. The calcified cartilage
had been replaced by woven bone during the secondary
ossification, which was enclosed by noncalcified cartilage,
resembling mature articular cartilage. The woven bone
from the endochondral ossification had been replaced by
the stronger and more resilient lamellar bone, which was
highly organized in concentric collagen sheets with a low
proportion of osteocytes. A small growth plate was still
present and separated the endochondral ossification (lamellar bone) from the secondary ossification (woven bone).
This older age group is unique for investigating mature
bone and subchondral bone metabolism in the presence of
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Figure 6. The anabolic and catabolic controls induce cartilage formation and degradation, respectively. The experiments were assessed
by the collagen type II formation marker, PIINP (A), and the degradation marker, CTX-II (B). Each graph represents the accumulated
measurements from days 4, 7, and 10 except from 12-week-old mice (only day 10). IGF-I induces formation in the experiments with 3-,
9-, and 12-week-old mice (A). Cytokines (O + T) increased the total cartilage degradation in experiments with 6-, 9-, and 12-week-old
mice (B). *P < 0.05. **P < 0.01. ***P < 0.001.
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a reduced quantity of mature articular cartilage. Importantly,
12-week-old mice resemble a human joint compared to the
other age groups. Furthermore, the model system enables
us to induce anabolic or catabolic responses, which mimic
parts of the processes from different bone and cartilage
diseases in an adult individual.
The microscopic evaluation of femoral heads cultured
for 10 days in the absence or presence of IGF-I (anabolic)
or OSM + TNF-α (catabolic) stimulation showed that
femoral heads stimulated with OSM + TNF-α lost more
proteoglycans from the cartilage compartment than the
W/O at almost all age groups. Nonstimulated femoral
heads from 6- and 12-week-old mice also lost proteoglycans from the cartilage, as seen in the OSM + TNF-α
stimulation. This suggests that the proteoglycan loss may
be a spontaneous effect from the culturing rather than a
catabolic effect from the OSM + TNF-α stimulation. The
femoral heads stimulated with the anabolic factor (IGF-I)
showed that this loss and depletion of proteoglycans during
culture were protected compared to the W/O for all 4 age
groups. Furthermore, in 12-week-old mice, anabolic stimulation showed far more proteoglycan staining around the
chondrocytes compared to the W/O, indicating a regenerative effect of IGF-I, as previously observed in bovine cartilage explants.31 We also showed that IGF-I stimulation in
12-week-old mice increased the growth plate size significantly, whereas the OSM + TNF-α stimulation significantly
decreased the size. These findings corroborate previous
findings in the literature; IGF-I is very important for the
growth plate during bone growth as it increases proliferation of resting and proliferative chondrocytes, and OSM +
TNF-α has, on the contrary, shown to decrease the rate of
endochondral bone growth.32-34
Biochemical markers are valuable, longitudinal, and
dynamic tools, which in combination with histology can
assess the systematic effects of specific compounds. The
histology shows the end result of the effect of a specific
compound on the femoral head, whereas biochemical
markers reveal which protein processes are up-regulated
and down-regulated and in which order they are released.
We have chosen bar graphs to present the total release of
the biochemical markers to the conditioned media as accumulated data from all media changes. Table 1 presents all
the details for the individual days.
Hydroxyproline measurements showed that the release
of collagen fragments increased in the presence of OSM +
TNF-α stimulation, except from 3 weeks of age. However,
IGF-I also increased the release of collagens in 12-weekold mice. If this collagen release results from increased
degradation, increased turnover or lack of incorporation
into the extracellular matrix after synthesis may be an irrelevant discussion for our use. We can use the results of “collagen release” in combination with other biochemical
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markers of collagens in our model. We can furthermore not
exclude the fact that some portion of the hydroxyproline
measured is released from the ligamentum teres.
The release of proteoglycans from the femoral heads
decreased proportionally with the increasing age of the
mice, indicating that the release of proteoglycans mainly
comes from the cartilage compartment and not the bone.
However, a limitation of the current study is that we were
not able to analyze the specific proteolytic mechanisms
responsible for sGAG release. Future studies should thus
aim to determine the longitudinal patterns of MMP- and
ADAMTS-mediated aggrecan degradation in the femur
head model and compare to other in vitro and in vivo models of bone and cartilage diseases. To evaluate the results
further, we then measured more protein-specific biochemical markers.
We found that OSM + TNF-α stimulation for 10 days
increased the number of osteoclasts and increased the
resorption of collagen type I. Even though the total release
of TRAP increased in the presence of OSM + TNF-α (in
3-week-old mice), the osteoclast number decreased over
time for both nonstimulated and stimulated treatments.
However, the TRAP concentrations at day 4 were higher
than the concentration at day 10 for the other age groups.
This incoherence might be explained by a peak at day 4 for
the 3-week-old mice, in which we did not find a large
amount of bone. The increased resorption seen in this
model is consistent with the literature, which reports that
subchondral bone was lost in the early stage of OA,
whereas bone sclerosis was present at the late stage of
OA.10,11 Furthermore, TNF-α can induce osteoclast differentiation in vitro through a mechanism independent of
RANKL.35,36 Additionally, in murine osteoblastic MC3T3-E1
cells, M-CSF expression is constitutive and can be further
increased by TNF-α.37-39 OSM can, in vitro, induce the
formation of osteoclasts, leading to bone resorption.
However, OSM can also influence differentiation and proliferation of osteoblasts, leading to bone formation.40-42
The anabolic stimulation with IGF-I generally showed,
in all the age groups, a tendency to decrease the number of
osteoclasts, indicating a protective effect on the bone by
reducing bone resorption. However, the collagen type I
resorption did not decrease but seemed to be more or less
unaffected by the anabolic stimulation. Interestingly, collagen type I resorption data did not reflect the anabolic
TRAP data from mice aged 6 weeks. The femoral heads
have decreased osteoclast number but increased bone
resorption when treated with IGF-I. This ambiguity between
the different age groups should be investigated further but
may primarily result from the different developmental
stages of the femoral head, suggesting an increased activity
of osteoclasts in 6-week-old mice, where the secondary
ossification center might initiate. However, the literature
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supports the increased resorption in 6-week-old mice. One
study indicates that IGF-I regulates osteoclastogenesis,
which subsequently results in increased bone resorption,
and that IGF-I is required for maintaining the normal interaction between osteoclasts and osteoblasts through RANKL
and RANK.43 Another study indicates that IGF-I stimulates
both resorption and formation of bone.44
The concentration of CTX-I, as a function of OSM +
TNF-α stimulation, increased with increasing age, which is
consistent with the increasing size of the bone compartment
shown by the histology. We expect the majority of CTX-I
to come from bone resorption because it is mediated by
cathepsin K, which is produced by the osteoclasts in this
model. Correspondingly, the cartilage compartment
decreased proportionally with the increasing age of the
mice. However, our study showed that it was still possible
to measure the anabolic and catabolic pattern of total collagen type II formation (PIINP) in 9- and 12-week-old
mice, as we saw in 3-week-old mice. The formation of collagen type II decreased over time for all 3 treatments.
However, IGF-I slowed the drop of the formation. This
indicates that the total increase in collagen type II formation, seen by IGF-I in the bar graph (Fig. 6A), was mediated by a protective effect instead of an anabolic effect. The
same protective effect of IGF-I stimulation has been published for bovine cartilage explants.21 Another possibility is
that the formation of collagen type II peaks at day 4; thus,
we only detect a decrease over time. OSM + TNF-α stimulation increased the degradation of collagen type II (CTX-II)
in femoral heads of all 4 age groups, which correlates with
earlier ex vivo experiments stimulated with OSM + TNF-α,
which showed that collagen type II degraded.22,45 The concentration of CTX-II fragments released to the conditioned
medium from the femoral heads decreased over time in
3-week-old mice, probably due to a peak at day 4 since the
OSM + TNF-α stimulation was very high at that particular
day. Conversely, the concentrations of CTX-II in the other
age groups increased over time and proportionally with the
age, even though the ratio of cartilage to bone became
smaller. This suggests that the peaks for CTX-II release
come later in mice older than 3 weeks. Furthermore, this
indicates that the secondary ossification center plays an
important part in the release of CTX-II. Collagen type II is
the predominant collagen of cartilage. Thus, we expect the
biochemical markers, PIINP and CTX-II, to primarily
come from the cartilage compartment and not from the
bone or ligamentum teres.
In the present study, the biochemical markers in combination with histology have shown that we now have a
simple ex vivo model that henceforth can be used for
screening compounds of interest. Furthermore, this model
could be essential as a preliminary study to in vivo animal
studies to narrow down expenses and time spent on big
animal studies with futile outcomes.

Cartilage 2(3)
In conclusion, the murine femoral head model we developed comprises both bone and cartilage in one unit and may
be of particular relevance for investigating the communication between the different cell types in these 2 tissues. This
might aid the understanding of diseases dealing with miscommunication or improve the efficacy for finding new
therapies targeting either cartilage or bone or both. Our
model enables observations not only of the cells in in situlike conditions but also monitoring of changes in bone and
cartilage as mice age and in response to catabolic and anabolic stimulation. As the morphology of the femoral head
changes with age, our study indicates it is critical to select
the appropriate age of mice to investigate a specific question.
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CHAPTER 5

PAPER II
___________________________________________________________________________

Introductory remarks
This manuscript shows the effect of glucocorticoids on bone and/or cartilage, performed in preclinical models. The novel ex vivo femoral head model (PAPER I) was used to investigate the
effect of glucocorticoids on a bone/cartilage unit, whereas the articular cartilage ex vivo model and
the osteoclast and osteoblast cell cultures were used to investigate the effects on either bone or
cartilage. This manuscript highlights the importance of the individual cell type and verifies the
novel ex vivo femoral head model as a useful screening model for potential drugs.
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a b s t r a c t
Introduction: Glucocorticoids are known to attenuate bone formation in vivo leading to decreased bone
volume and increased risk of fractures, whereas effects on the joint tissue are less characterized. However, glucocorticoids appear to have a reducing effect on inﬂammation and pain in osteoarthritis. This
study aimed at characterizing the effect of glucocorticoids on chondrocytes, osteoclasts, and osteoblasts.
Experimental: We used four model systems to investigate how glucocorticoids affect the cells of the joint;
two intact tissues (femoral head- and cartilage-explants), and two separate cell cultures of osteoblasts
(2T3-pre-osteoblasts) and osteoclasts (CD14+-monocytes). The model systems were cultured in the presence of two glucocorticoids; prednisolone or dexamethasone. To induce anabolic and catabolic conditions, cultures were activated by insulin-like growth factor I/bone morphogenetic protein 2 and
oncostatin M/tumor necrosis factor-a, respectively. Histology and markers of bone- and cartilage-turnover were used to evaluate effects of glucocorticoid treatment.
Results: Prednisolone treatment decreased collagen type-II degradation in immature cartilage, whereas
glucocorticoids did not affect collagen type-II in mature cartilage. Glucocorticoids had an anti-catabolic
effect on catabolic-activated cartilage from a bovine stiﬂe joint and murine femoral heads. Glucocorticoids decreased viability of all bone cells, leading to a reduction in osteoclastogenesis and bone resorption; however, bone morphogenetic protein 2-stimulated osteoblasts increased bone formation, as
opposed to non-stimulated osteoblasts.
Conclusions: Using highly robust in vitro models of bone and cartilage turnover, we suggest that effects of
glucocorticoids highly depend on the activation and differential stage of the cell targeted in the joint.
Present data indicated that glucocorticoid treatment may be beneﬁcial for articular cartilage, although
detrimental effects on bone should be taken into account.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Glucocorticoids (GCs) are used to overcome inﬂammatory conditions, such as inﬂammatory bowel diseases and rheumatoid
Abbreviations: IGF-I, insulin-like growth factor 1; BMP-2, bone morphogenetic
protein 2; OSM, oncostatin M; TNF-a, tumor necrosis factor-a; GC, glucocorticoid;
OA, osteoarthritis; RANKL, receptor activator of nuclear factor kappa-B ligand; OPG,
osteoprotegerin; PRED, prednisolone; DEX, dexamethasone; MMP, matrix metalloproteinase; PBS, phosphate buffered saline; M-CSF, macrophage colony-stimulating
factor; a-MEM, a-modiﬁed eagle medium; ELISA, enzyme-linked immunosorbent
assay; TRAP, tartrate-resistant acid phosphatase; sGAG, sulfated glycosaminoglycans.
⇑ Corresponding author. Tel.: +45 44 52 52 52; fax: +45 44 52 52 51.
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arthritis [1]. In addition, intra-articular injections of GCs have been
tested for their ability to reduce inﬂammation and pain in
osteoarthritis (OA) and appear to have a reducing effect on both
parameters [2]. Furthermore, OA chondrocytes express fewer glucocorticoid receptors (GR) than normal chondrocytes, indicating
the importance of glucocorticoid stimulation of normal cartilage
[3]. However, GC treatment in children and adolescents is associated with severe growth retardation caused by apoptosis of the
growth plate cartilage, especially in the proliferative zones of the
cartilage [4,5]. With respect to the effects on articular chondrocytes, in vitro and ex vivo studies of chondrocytes are contradicting
and highly context dependent [6–9].
Unfortunately, prolonged GC therapy has also been associated
with bone loss and fractures, resulting in severe osteoporosis
[10,11]. In this scenario, GCs cause signiﬁcant reductions in bone
formation, as well as a transient acceleration of bone resorption,
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leading to fragility fractures [12], which especially occur in highturnover bone compartments, such as vertebrae [13]. In vivo, this
effect is mediated via induction of osteoblast and osteocytes
apoptosis, as well as a less well-understood activation of osteoclasts [1,14–17]. Interestingly, a mouse study showed that the
detrimental effect of GCs on bone formation was mediated
through the osteoclasts; whether it was dependent on bone
resorption was not clear [17]. In vitro studies of the effects of
GCs on osteoclasts have shown highly context dependent effects,
i.e., both inhibitory and activating effects were observed [17–19].
One possible explanation for these contradicting results may lay
within the heterogeneity of the model systems used, which comprise both mouse and human cells in either puriﬁed or mixed cell
populations [17–19]. In osteoblasts and their precursors, GCs are
known to stimulate Receptor Activator of Nuclear Factor Kappa-B
ligand (RANKL), while reducing osteoprotegerin (OPG) [18],
potentially explaining the transient activation of bone resorption
observed in vivo. GCs also possess the ability to stimulate in vitro
osteoblastogenesis in cell cultures [20,21], although separate
studies show that GCs may arrest osteoblastogenesis and introduce apoptosis [22,23], illustrating the complex and context
dependent nature of GCs.
Finally, GC signaling in osteoblasts and osteocytes was shown to
be involved in the pathogenesis of inﬂammatory arthritis, demonstrating the importance of cellular cross-talk in the joint in relation
to effects of GCs [24]. So, whether GCs administered in vivo affect
both bone and cartilage, or just bone, is presently not clear
[25,26]. Especially in OA, a disease of both bone and cartilage
[27,28], the effects of GCs in the context of a whole joint need to
be studied in much further detail.
In this study, we used four highly robust cell systems, namely
murine femoral head explants [29], bovine articular cartilage explants [30], CD14+ derived human osteoclasts [31] and the 2T3
osteoblast cell line [32], to characterize the effects of the GCs –
prednisolone (PRED) and dexamethasone (DEX) – on cells of the
joint. Furthermore, we cultured the cells under different conditions to shed light on the context dependency of the effects of
GCs.

2. Experimental
2.1. Ex vivo models
2.1.1. Murine femoral heads
The experiment was performed in accordance with relevant
guidelines and regulations from the Ethical Committee, as mice
were euthanized before the experiment started. Femoral heads
from 12-week-old outbred Naval Medical Research Institute
(NMRI) female mice (Charles River, Germany) were isolated and
cultured accordingly to Madsen et al. [29]. Femoral heads were cultured for 3 weeks, in the presence or absence of different factors:
the anabolic factor Insulin-like Growth Factor I (IGF-I) [100 ng/
ml] (Sigma, DK), the catabolic cytokines Oncostatin M (OSM)
[10 ng/ml] (Sigma, DK) + Tumor Necrosis Factor-a (TNF-a)
[20 ng/ml] (R&D Systems, UK) and PRED [100 nM] (Sigma, DK).

2.1.2. Bovine articular cartilage
Bovine knees were bought at the local slaughter house
(Slangerup, DK) just after slaughtering. Articular cartilage explants were isolated and cultured accordingly to our previous
studies [30,33]. The explants were cultured for 3 weeks, in the
presence or absence of different factors: OSM [10 ng/ml] + TNFa [20 ng/ml], IGF-I [100 ng/ml], PRED [100 nM] and DEX
[100 nM] (Sigma, DK).
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2.2. In vitro models
2.2.1. Human osteoclast preparation
Human blood was donated from the Danish University Hospital
of Copenhagen (has an approval from the Ethical Committee to donate blood to us), and CD14+ monocytes were isolated and differentiated into osteoclasts accordingly to Sorensen et al. [31].
2.2.2. Differentiating osteoclasts
The cells were seeded on plastic or bovine cortical bone slices
(Nordic Bioscience Diagnostics, DK) at a density of 100,000 cells/
well in a 96-well plate and cultured in phenol red free a-MEM containing 10% serum, P/S, M-CSF [25 ng/ml] (R&D System, DK),
RANKL [25 ng/ml] (R&D Systems, DK), either in the presence or absence of DEX [100 nM] (Sigma, DK). Incubation was performed at
37 °C and 5% CO2. The media were changed every 2nd or 3rd day
and saved at 20 °C.
2.2.3. Mature osteoclasts
For experiments with mature human osteoclasts, cells were
grown in 75 cm2 culture ﬂasks for 10 days in phenol red free aMEM containing 10% serum, P/S, M-CSF [25 ng/ml], and RANKL
[25 ng/ml] to induce osteoclastogenesis until the cells had 3–5 nuclei on average. The cells were washed with PBS twice, trypsin was
added, and the cells were incubated at 37 °C for approximately
20 min. The cells were scraped off, and re-seeded on plastic or bovine cortical bone slices at a density of 40,000 cells/well in a 96well plate in the presence of phenol red free a-MEM containing
10% serum, P/S, M-CSF [25 ng/ml], RANKL [25 ng/ml] in the presence or absence of DEX [100 nM] at 37 °C and 5% CO2. The media
were changed every 2nd or 3rd day and saved at 20 °C.
2.2.4. Murine osteoblasts
2T3 pre-osteoblast cells were purchased from Dr. Steven E. Harris at the University of Texas Health Science Center at San Antonio.
The murine mesenchymal stem cell line, 2T3, is able to differentiate into osteoblasts under proper predetermined conditions. Osteoblasts were prepared accordingly to Ghosh-Choudhury et al. [32].
To induce bone nodule formation, the 2T3 cells were lifted by trypsin and reseeded in 24-well plates at a density of 10,000 cells/well,
and then cultured in the presence of ascorbic acid [100 lg/ml] and
b-glycerol-phosphate [4 mM], in the presence or absence of BMP-2
[30 ng/ml] or DEX [100 nM] for 10 days. Incubation was performed
at 37 °C, 5% CO2. The media were replaced every 2nd or 3rd day
and saved at 20 °C.
2.3. Concentrations
The concentrations of IGF-I, BMP-2 and OSM + TNF-a were selected accordingly to previous studies [29–31,33,34]. The concentrations of DEX and PRED were selected accordingly to previous
studies [5,6,17].
2.4. Cell-survival after culture-period
The viability of the cells (in explants or isolated cells) were measured at the end of the culture period, using the colorimetric dye,
alamar blue (Invitrogen, DK), as a 10% solution in the conditioned
media, accordingly to the manufacturer’s instructions [35].
2.5. Biomarkers
The resorption marker CTX-I (RatLapsÒ), the bone formation
marker Rat/Mouse PINP EIA and the cartilage formation marker
PIINP (IDS Ltd., UK) were measured accordingly to the manufacturer’s instructions [33]. The competitive ELISA CIIM (Nordic
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Bioscience, DK) was used to quantify MMP-mediated degradation
products of type II collagen, accordingly to Bay-Jensen et al. [36].
342-G2 measures MMP-mediated aggrecan degradation accordingly to Sumer et al. [37].
2.6. Quantiﬁcation of osteoclast number
The TRAP assay was performed as previously described [31].
2.7. Measurements of alkaline phosphatase activity
The culture supernatants were added to a substrate mixture of
95% AMP buffer (pH 10), 10.1 mM phosphatase substrate, 18 mM
MgCl2, and MilliQ in a ratio of 1:4 and incubated in the dark for
20 min. After incubation, the reaction was stopped suing 0.5 M
NaOH, and ﬁnally the absorbance at 405 nm was measured using
an ELISA reader.
2.8. Resorption assays
The concentration of total calcium was measured in culture
supernatants after resorption, by using a colorimetric assay and a
Hitachi 912 Automatic Analyzer (Roche Diagnostics) following
the assay method validated and warranted by Roche Diagnostics
[38].
2.9. Alizarin Red-S staining of mineralized bone nodules
and extraction of dye
After 10 days of culture, the osteoblast cultures were stopped
by ﬁxation in 4% formaldehyde for 20 min. The cells were stained
in 40 mM Alizarin Red-S, pH 4.2, for 10 min, and washed thoroughly. The dye was extracted from the cells by incubation in
10% cetylpyridinium chloride for 15 min while shaking in the dark,
and ﬁnally the absorbance at 561 nm was measured using an ELISA
reader.
2.10. Histologic analysis
The bovine articular cartilage explants were ﬁxed in 4% formaldehyde, processed, parafﬁn embedded, and subsequently sectioned
(5 lm). Proteoglycans were stained after a standard toluidine blue
protocol [39] after deparafﬁnization and rehydration.
2.10.1. Image analysis
Digital images of stained sections were displayed on a computer
monitor and captured using an Olympus BX-60 microscope
equipped with a 60 objective and digital camera.
2.11. Statistic analysis
Results are shown as mean + standard error of mean (SEM). Statistic analysis was performed by the Student’s two-tailed unpaired
t-test assuming normal distribution and equal variance. Statistic
signiﬁcance is indicated by the number of asterisks, ⁄p < 0.05,
⁄⁄
p < 0.01, and ⁄⁄⁄p < 0.001.
3. Results
3.1. Prednisolone decreases cartilage degradation and bone
turnover in femoral heads ex vivo
Prednisolone (PRED) treatment for 2 weeks decreased overall
cell viability in femoral heads by 40% (p < 0.01) compared to
the vehicle control (Fig. 1A). Cell viability was not affected by

OSM + TNF-a stimulation (catabolic control) (Fig. 1A). PRED in
combination with OSM + TNF-a showed a tendency towards decreased viability compared to the catabolic control (Fig. 1A).
After 1 week, PRED caused a reduction in the number of osteoclasts in both resting and catabolic activated femoral heads, compared to the respective vehicle and catabolic controls (Fig. 1B).
After 2 weeks in culture, osteoclast number was decreased to a
low level in the vehicle control and no differences were detected
with any of the treatment (Fig. 1B). After 1 week, PRED treatment
decreased bone resorption by 75% (p < 0.01) (Fig. 1C), consistent
with the reduced number of osteoclasts (Fig. 1B). Bone resorption
increased by 5.5-fold (p < 0.01) after 1 week when stimulated
with OSM + TNF-a, whereas this increase in bone resorption decreased by 90% (p < 0.05) in the presence of PRED (Fig. 1C). The
increase in bone resorption mediated by OSM + TNF-a after 1
week, was not seen after 2 weeks (Fig. 1C). PRED treatment decreased bone formation by 50% (p < 0.01) after 1 week, and
90% (p < 0.01) after 2 weeks, compared to the respective vehicles
(Fig. 1D). Furthermore, OSM + TNF-a decreased bone formation by
75% (p < 0.01) after 1 week, compared to the vehicle (Fig. 1D).
Treatment with PRED in combination with OSM + TNF-a did not
signiﬁcantly alter bone formation compared to the catabolic
control; however, the combination seemed to have a tendency to
decrease bone formation slightly (Fig. 1D). After 2 weeks,
OSM + TNF-a stimulation inhibited bone formation, compared to
the vehicle (Fig. 1D). With respect to cartilage metabolism, PRED
treatment showed at tendency to decrease cartilage degradation
in non-stimulated femoral heads after 1 week (by 75%) and signiﬁcantly by 60% (p < 0.05) after 2 weeks (Fig. 1E). OSM + TNF-a
stimulation increased the cartilage degradation by 33-fold
(p < 0.01) after 1 week and 30-fold (p < 0.01) after 2 weeks, compared to respective vehicles (Fig. 1E). These catabolic-mediated increases in cartilage degradation were both inhibited by the
presence of PRED (95% (p < 0.05)) after 1 and 2 weeks (Fig. 1E).
The formation of cartilage did not signiﬁcantly vary between vehicle and stimulated explants after 1 week (Fig. 1F). However,
OSM + TNF-a stimulation inhibited cartilage formation by 95%
(p < 0.05) after 2 weeks of culture (Fig. 1F). While PRED itself did
not affect cartilage formation at one or 2 weeks, it failed to prevent
the inhibition caused by 2 weeks of catabolic stimulation (Fig. 1F).
3.2. Prednisolone does not decrease the formation of bone and
cartilage in anabolic activated femoral heads
Stimulation with IGF-I increased viability of the femoral heads
after 2 weeks of culture by 1.6-fold (p < 0.01) (Fig. 2A). PRED in
combination with IGF-I did not affect the viability compared to
the anabolic control (IGF-I alone) (Fig. 2A). Due to the low level
of TRAP, we were not able to detect any differences in the number
of osteoclasts by IGF-I or IGF-I + PRED treatment compared to
respective vehicles (Fig. 2B). However, IGF-I stimulation decreased
bone resorption by 70% (p < 0.05) after 1 week, which was further
decreased by addition of PRED (Fig. 2C). PRED also decreased the
IGF-I-reduced resorption by 75% (p < 0.05) after 2 weeks
(Fig. 2C). The anabolic-stimulated femoral heads showed increased
bone formation by 2.1-fold (p < 0.01) after 1 week and 13.4-fold
(p < 0.01) after 2 weeks (Fig. 2D). PRED did not signiﬁcantly decrease anabolic activated bone formation, although a downward
trend was observed after 2 weeks (Fig. 2D). IGF-I-stimulated femoral heads showed very low levels of cartilage degradation after 1
and 2 weeks, due to the overall low level of degradation in this setup. However, after 1 week, IGF-I stimulation decreased by 72%
(p < 0.05) compared to vehicle. Addition of PRED to the anabolic
control showed the same low levels of cartilage degradation compared to the anabolic controls (Fig. 2E). Cartilage formation, on the
other hand, showed a tendency to increase with IGF-I stimulation
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Fig. 1. The effects of prednisolone in resting and catabolic-induced bone and cartilage from femoral heads. Femoral heads were cultured in the presence of 100 nM
prednisolone (PRED) and/or cytokines (O + T) [10 ng/ml] + [20 ng/ml] for 2 weeks. Cell viability was measured with alamar blue after 2 weeks (A). Biomarkers were measured
after 1 week (black bars) and 2 weeks (gray bars) (B–F). The number of osteoclasts was measured with TRAP activity (B). The bone resorption and formation were measured
by the collagen type I markers, CTX-I (C) and PINP (D), respectively. Cartilage degradation and formation were measured by the collagen type II markers, CIIM (E) and PIINP
(F), respectively. PRED [100 nM] treatment decreased viability of the cells in the femoral heads, osteoclast number, bone resorption, bone formation and cartilage degradation.
Each treatment n P 4.

after 1 week (Fig. 2F). The addition of PRED to IGF-I stimulation
was however not different from the vehicle. On the contrary, after
2 weeks, PRED in combination with IGF-I showed a tendency to increase cartilage formation compared to the anabolic control
(Fig. 2F).
3.3. Cytokine-induced cartilage turnover is decreased
by glucocorticoid treatment
The effect of PRED was tested on bovine cartilage explants.
However, since the effects of PRED were weak, we also tested the
more potent dexamethasone (DEX) [8] in a separate experiment.
The effects of PRED and DEX were measured at day 21.
After 21 days of culture, the viability of the bovine cartilage explants increased with OSM + TNF-a stimulation by 1.6-fold
(p < 0.05) (Fig. 3A) and 1.7-fold (p < 0.01) (Fig. 3E), compared to
respective vehicles (Fig. 3A and E). However, this increase seemed
inhibited by DEX (p < 0.05) (Fig. 3E). Aggrecan degradation was induced by OSM + TNF-a by more than 150-fold (p < 0.001) for both
experiments, and reduced by addition of DEX by 70% (p < 0.01);
however not to the level of the vehicle or DEX alone (Fig. 3B and
F). The same pattern was observed for collagen type II degradation,
where OSM + TNF-a stimulation increased the degradation by
more than 40-fold (p < 0.01), which was reduced by addition of
PRED and signiﬁcantly by addition of DEX by 75% (p < 0.01)
(Fig. 3C and G). Aggrecan and collagen degradation were also measured at days 5 and 12, but did not show any differences between
the vehicle and activated explants (data not shown). OSM + TNF-a
stimulation increased cartilage formation by more than 4-fold
(p < 0.01) in both experiments (Fig. 3D and H). Cartilage formation
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was also induced by IGF-I stimulation by more than 8.5-fold
(p < 0.01) in both experiments (Fig. 3D and H). DEX inhibited formation induced by OSM + TNF-a by 50% (p < 0.05) (Fig. 3H). PRED
or DEX by themselves could not induce cartilage formation
although there was a tendency towards increased formation when
combined with IGF-I (Fig. 3D and H). Generally, we saw the same
pattern for both GCs. However, PRED was less potent than DEX
as observed in the literature [8].
The biomarker data for aggrecan degradation were partly supported by histology of the explants, using toluidine blue to detect
sulfated glycosaminoglycans (sGAGs) (Fig. 3I–T). The controls
worked; as shown in previous studies [30], stimulation with
OSM + TNF-a depleted the cartilage explants of sGAGs (Fig. 3J and
P), whereas IGF-I stimulation increased the content of sGAGs
(Fig. 3K and Q), compared to respective vehicles (Fig. 3I and O).
The cartilage explants treated with either PRED or DEX seemed to
have less sGAGs retained in the matrixes (Fig. 3L and R) than the
vehicle explants (Fig. 3I and O). On the other hand, when adding
DEX to OSM + TNF-a-stimulated cartilage explant, a small portion
of the sGAGs seemed to be retain in the matrix (Fig. 3S) compared
to the OSM + TNF-a-stimulated explant (Fig. 3P), although the visible difference is almost lost on the digital images. Furthermore,
addition of PRED or DEX to the IGF-I-stimulated cartilage explants
seemed to increase the content of sGAGs (Fig. 3N and T).
3.4. The effect of dexamethasone depends on the activation
stage of osteoblasts
To investigate the effects of GCs on bone cells, the more potent
DEX [8] was used for further experiments/studies (Fig. 3). When
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Fig. 2. The effects of prednisolone in anabolic-induced bone and cartilage from femoral heads. Femoral heads were cultured in the presence of 100 nM prednisolone (PRED)
and/or 100 ng/ml IGF-I for 2 weeks. Cell viability was measured with alamar blue after 2 weeks (A). Biomarkers were measured after 1 week (black bars) and 2 weeks (gray
bars) (B–F). The number of osteoclasts was measured with TRAP activity (B). The bone resorption and formation were measured by the collagen type I markers, CTX-I (C) and
PINP (D), respectively. Cartilage degradation and formation were measured by the collagen type II markers, CIIM (E) and PIINP (F), respectively. PRED [100 nM] + IGF-I
[100 ng/ml] treatment decreased bone resorption, but not bone formation. Furthermore, PRED [100 nM] + IGF-I [100 ng/ml] treatment increased cartilage formation after 2
weeks. Each treatment n P 4.

osteoblasts were cultured in the presence of DEX, cell viability was
reduced by 55% (p < 0.05), compared to the vehicle (Fig. 4A). The
same pattern was seen in the presence of both DEX and BMP-2,
where viability decreased by 35% (p < 0.05), compared to BMP2 stimulation alone (Fig. 4A). DEX also decreased the nodule formation by 65% (p < 0.05), compared to vehicle (Fig. 4B). Nodule
formation was induced by addition of the positive control [34],
BMP-2, by 2.4-fold (p < 0.05) compared to vehicle (Fig. 4B). Furthermore, addition of DEX to BMP-2-stimulated osteoblasts, led
to a further increase in nodule formation by 1.8-fold (p < 0.05)
(Fig. 4B). ALP production by the osteoblasts was reduced when cultured with DEX, both in the presence (by 45%) or absence of BMP2 (by 85%) (p < 0.05) (Fig. 4C), correlating with the cell viability
measurements (Fig. 4A).

3.5. Dexamethasone decreases viability and function of both
mature osteoclasts and their precursors
When pre-osteoclasts were cultured either on bone or plastic,
DEX reduced the viability of the cells by more than 95%
(p < 0.01), as well as the osteoclast marker TRAP by more than
98% (p < 0.01) (Fig. 5A and B). Furthermore, the release of calcium
during resorption of bone, decreased by 85% (p < 0.01) when treated with DEX (Fig. 5C). To investigate whether this effect was speciﬁc to RANKL induction of osteoclastogenesis, an experiment
omitting RANKL was conducted [31]. In these cells, we again observed a reduction in cell viability in the presence of DEX (data
not shown), thus showing that the reduction in viability is related
to the macrophages rather than speciﬁcally to the osteoclasts. In
mature osteoclasts, DEX decreased cell viability by 80%

(p < 0.01) on both bone and plastic (Fig. 5D). The number of osteoclasts was decreased by 70% (p < 0.01) on bone and 75%
(p < 0.01) on plastic (Fig. 5E). Bone resorption decreased by 40%
(p < 0.05) (Fig. 5F). Interestingly, the overall level of suppression induced by the DEX on mature osteoclasts was lower than the level
of suppression induced in the pre-osteoclasts.

4. Discussion
Intra-articular corticosteroid injections have been tested for
beneﬁcial effects on inﬂammation and joint destruction, and appear to have some applicability by reducing pain in OA patients
[2,40,41]. However, how GCs affect the individual cell types in
the joint is not known. Thus, this study focused on elucidating
whether GCs have any effects on cartilage turnover. Furthermore,
since subchondral bone has been shown to play an essential role
in the development of OA, and since the effects of GCs on bone cells
are still discussed [27,42], we extended the study by performing a
thorough characterization of the effect of GCs on the two major
bone cell types, namely osteoblasts and osteoclasts. This study
used four model systems to investigate how GCs affect the cells
of the joint both in the setting of intact tissues, as femoral heads
or cartilage explants (resting, catabolically active or anabolically
active), and as separate cell cultures of osteoblasts (resting or differentiating) and osteoclasts (differentiating or mature and on
plastic or bone).
Several studies of GC-mediated effects on chondrocyte function
have been published; however no clear-cut conclusion has been
presented. These studies have indicated both beneﬁcial and detrimental effects of GCs on cartilage, [6,7] however, the studies also
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Fig. 3. The effects of prednisolone and dexamethasone in resting and activated cartilage. Bovine articular cartilage explants were cultured in the presence of 100 nM
prednisolone (PRED), 100 nM dexamethasone (DEX), and/or cytokines (O + T) [10 ng/ml] + [20 ng/ml] (gray bars) and/or IGF-I [100 ng/ml] (light gray bars) for 3 weeks. Cell
viability was measured with alamar blue after 3 weeks (A and E) and biomarkers were measured at day 19 (B–D and F–H). Explants cultured for 3 weeks were stained with
toluidine blue to evaluate proteoglycan content (I–N and O–T). MMP-mediated aggrecan degradation was measured with 342-G2 (B and F). Collagen type II degradation and
formation were measured by the markers, CIIM (E) and PIINP (F), respectively. PRED/DEX [100 nM] treatment did not affect the cartilage. However, cytokine-induced
degradation were attenuated by 100 nM PRED/DEX. PRED [100 nM] was less potent than DEX [100 nM]. Each treatment n P 5.

Fig. 4. The effect of dexamethasone in non-stimulated and anabolic activated osteoblasts. Osteoblasts were cultured in the presence or absence of 100 nM dexamethasone
(DEX), in non-stimulated (black bars) or 30 ng/ml BMP-2 stimulated (gray bars) cells for 10 days. Cell viability was measured with alamar blue after 10 days (A) and bone
formation was measured by extraction of Alizarin Red-S from stained mineralized bone nodules at day 10 (B). Osteoblastogenesis was measured by alkaline phosphatase
activity in the supernatants accumulated over 10 days (C). DEX [100 nM] treatment decreased viability, bone formation and osteoblastogenesis. However, DEX [100 nM]
increased bone formation in BMP-2 [30 ng/ml] stimulated osteoblasts (B). Each treatment n P 4.

use a range of assays ranging from isolated chondrocytes through
ex vivo explants to mesenchymal stem cell differentiation and alginate beads. In the present study, we used a murine ex vivo femoral
head model [29], and found that PRED decreased bone turnover
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while mediating anti-catabolic effects on cartilage. Whether osteoclasts, osteoblasts and chondrocytes were affected directly or indirectly by PRED, were investigated by separate cell or explants
cultures. To evaluate the effect of GCs directly on chondrocytes,
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Fig. 5. The effect of dexamethasone in pre-osteoclasts and mature osteoclasts. Osteoclasts were cultured in on either bone (black bars) or plastic (gray bars) in the presence or
absence of 100 nM dexamethasone (DEX). Pre-osteoclasts were cultured for 21 days (A–C) and mature osteoclasts for 14 days (D–F). Cell viability was measured with alamar
blue after 14 or 21 days (A and D). The number of osteoclasts was measured with TRAP activity (B and E) and bone resorption was measured by calcium release from bone (C
and F). DEX [100 nM] treatment decreased cell viability, osteoclast number and bone resorption in both pre-osteoclasts and mature osteoclasts. However, the effects of DEX
[100 nM] on pre-osteoclasts were higher than the effects on mature osteoclasts. Each treatment n P 5.

we used the bovine articular cartilage explants model that is presently the preferred model for studying cartilage turnover ex vivo
[30,33]. The strong indications that OSM + TNF-a reduced the
ability to induce cartilage degradation in the presence of DEX or
PRED, evaluated by biomarkers and histology, suggest a chondroprotective effect by GCs independent of bone cells. Furthermore,
histology showed that GC treatment had a positive effect on proteoglycans under anabolic conditions, which is in line with a study
by Van der Kraan et al. that showed that PRED stimulates proteoglycan synthesis in patellar cartilage, validated by [35S] incorporation [43]. However, the catabolic stimulated cartilage explants in
the presence or absence of DEX, were both close to be depleted
for proteoglycans, measured by the intensity of color (sGAG),
which was not as convincing as the 70% reduction of MMP-mediated aggrecan degradation shown with the biomarker, 342-G2.
However, depletion of color may results from an early loss of aggrecanase-mediated highly-sGAG-saturated aggrecan degradation,
leaving low-sGAG-saturated aggrecan to be degraded by MMPs at
day 19 [44], as we did not see any MMP-mediated degradation at
days 5 and 12. This suggests that the anti-catabolic effects of GC
on cartilage may be limited to the degradation mediated by MMPs.
Interestingly, GC treatment in resting conditions resulted in a small
loss of proteoglycans from the articular cartilage explants that we
were unable to detect using the MMP-mediated aggrecan degradation marker, 342-G2. Thus, the two opposite effects of GCs treatment (protecting in activated cartilage and degrading in resting
cartilage) indicate that the activation stage of the chondrocytes is
important in relation to the GC response. If the GC-mediated protective effect results from an alteration of the chondrocyte phenotype (preventing the induction/release of proteases) or that the

GCs inhibit the cytokine pathway, still remains unclear. Yet, our
data indicate that a reduction of MMP activity is involved, as the
MMP-dependent biomarkers, 342-G2 and CIIM, are reduced. This
is in line with a recent study by Garvican et al. suggesting that
GCs reduce MMP-mediated cartilage degradation [9], although
other enzymatic pathways, such as the u-PA/plasminogen/plasmin-pathway, also have been indicated [45]. Thus, in the search
for new disease modifying osteoarthritic drugs (DMOADs), we suggest that the inhibition of protease pathways mediated by GCs
could be of interest.
We did not see any protective effects of GCs on the non-stimulated bovine cartilage explants, as opposed to the results with cartilage from the femoral head explants. The bovine cartilage
explants represent ‘‘healthy’’ cartilage, whereas the femoral heads
consist of cartilage in development, which contains more proliferating, pre-hypertrophic and hypertrophic chondrocytes (which are
observed in OA cartilage) than the bovine cartilage explants [29].
This could explain why we have to induce a catabolic milieu with
cytokines in the bovine cartilage explants, before we see a protective effect of GCs, and suggest that GCs mainly affect chondrocytes
which are activated, whereas resting chondrocytes appear to respond less. We do acknowledge that we deal with cross-species
comparisons, which may cause the different effects observed in
this study. However, the anabolic and catabolic controls have the
same effects on the different species, suggesting the effects of
GC, or lack of same, are due to action from the GC and not a species-dependent effect.
The present study clearly shows that GCs have demonstrably
large effects on cells of bone. While it for long has been known that
GCs induce apoptosis of osteoblasts and osteocytes in vivo, there is
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still some controversy regarding the mechanism of action. Some
data indicate a role for osteoclasts and others data indicate direct
effects on osteoblasts [17,46]. Controversially, a recent study
showed that the endogenous GC-induced signaling in osteoblasts
is needed for proper bone formation in vivo in mice [47]. In vitro
data regarding bone formation are also confusing, as data showing
that GCs support stimulation of RANKL production, increase nodule
formation, as well as inhibiting bone formation [18,20,21,48]. Our
data shows that GC-mediated effects on osteoblasts in cell cultures
are dependent on the ‘‘activation state’’ of the osteoblasts, with a
toxic effect on non-activated cells, and a pro-osteoblastic effect
on BMP-2-induced cells. This is in line with the results from the
femoral heads, which decreased bone formation with PRED treatment, but increased bone formation in combination with IGF-I.
The conﬂicting in vitro and in vivo data could indicate that we need
to look more closely into GCs-mediated effects in the different
functional subgroups of osteoblasts, and more importantly, how
to modulate these with respect to preventing GC-induced bone
damage [48,49].
Several studies have indicated that GCs stimulate osteoclastogenesis in vitro [50,51]; however, most of these studies were conducted in the presence of stromal/osteoblastic cells, which are
known to produce RANKL in response to GCs [14,18]. We found
that in pure osteoclast precursor cell cultures, GCs inhibited osteoclastogenesis by reducing the viability of the cells, which is in line
with the decreased viability and osteoclast number found in PREDstimulated femoral heads. These data correlate to data showing decreased osteoclastogenesis in vivo in mice, and strongly indicate
that the primary effect of GCs on osteoclastogenesis is inhibitory
[15,16]. However, an interesting observation in this regard is that
the effect of GCs on the mature osteoclasts, on cell viability, osteoclast number and resorption, was smaller than the effect on the differentiating osteoclasts. This could indicate that osteoclasts and
their precursors have different levels of sensitivity to GC treatment.
As all osteoclast cultures are a mix of mature multinucleated
osteoclasts and their precursor cells, and the ratio of mature to
pre-osteoclastic cells is dependent on several different aspects,
such as density, donor, serum, etc. [31] we speculate that the reason for the predominantly toxic effect could be that we have more
osteoclast precursors present in the cultures than Soe and Delaisse,
who described a prolongation of the resorption cycle, when treating mature osteoclasts derived from CD14+ cells with PRED [52].
A limitation to the study is that the effects observed with DEX
and PRED have not been tested for steroids speciﬁcity with a
non-GC control (e.g. estrogen or cholesterol). However, Kim et al.
[17] showed that GR°C/ mice were spared the impact of DEX
on osteoclasts and their precursors, indicating a true GR-mediated
action of DEX. This steroid speciﬁcity is furthermore supported by
Battista et al. [3], which showed that the effect from DEX was
dependent on the percentage of the GR in the chondrocytes. Nonetheless, future studies should include a non-GC control to ensure
that the effects observed are indeed speciﬁc to the GC class of
steroids.
In conclusions, we found that GCs did not appear to affect resting chondrocyte lifespan and function. Furthermore, GCs showed a
protective effect on catabolic-induced cartilage and showed a tendency to increase cartilage formation under anabolic conditions.
These results are encouraging for the use of intra-articular GC
injections in OA knees. However, considering the well-established
consequences on bone it is important to remember the tight functional relationship between bone and cartilage under both physiologically and pathologically conditions [27]. Thus, further studies
into the functional relationship between these compartments are
needed, especially with the focus on the possibility to rescue bone
damage by the addition of anabolic therapy, such as parathyroid
hormone [48].
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Introductory remarks
This manuscript focuses on the pathogenesis of cartilage, and evaluates the different proteolytic
degradation processes for aggrecan, which vary between the OA-stages. It is important to
understand the different degrading processes of aggrecan if we want to target the right proteases
at a certain stage of disease.
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Aggrecanase- and matrix metalloproteinase-mediated
aggrecan degradation is associated with different
molecular characteristics of aggrecan and separated in
time ex vivo
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Per Qvist, and Morten Asser Karsdal
Nordic Bioscience A/S, Herlev, Denmark

bstract
Aggrecan is one of the first proteins to be depleted from articular cartilage in early osteoarthritis. We investigated the molecular differences between matrix metalloproteinase (MMP)- and aggrecanase-mediated
aggrecan degradation, as a consequence of their distinct time-dependent degradation profiles. Cartilage
degradation was induced by cytokine stimulation in bovine articular cartilage explants and quantified by
a dye-binding assay and immunoassays. The size of degradation fragments was analysed by Western blot.
Cytokine stimulation resulted in the early release of aggrecanase-mediated aggrecan degradation fragments. In contrast, MMP-mediated aggrecan degradation began only at day 16 and continued to day 21.
Western blot analysis showed that glycosylated high-molecular-weight 374ARGSVI fragments appeared at
day 7, in contrast to deglycosylated low-molecular-weight 342FFGVG fragments which were detected at day
21. Aggrecan degradation may be divided into two different pools, a high-molecular-weight aggrecanasemediated pool, and a low-molecular-weight MMP-mediated pool. This may have implications for the development of intervention strategies for OA.
Keywords: Proteoglycans; cartilage; osteoarthritis; ELISA; biomarkers; aggrecanases; MMPs

Introduction

thrombospondin motifs) (Glasson et al. 2005, Struglics et al.
2006) and matrix metalloproteinases (MMPs) (Fosang et al.
1996, Lark et al. 1997, Struglics et al. 2006). Aggrecanase
activity leads to the release of glycosaminoglycans (GAGs),
although it is not known if MMPs also play a role in aggrecan GAG loss (Sandy 2006, Struglics et al. 2006). As a consequence of aggrecan loss, the cartilage exhibits altered
matrix properties such as loss of fixed negatively charged
density of the tissue and thereby lower water content and
elasticity (Roughley & Lee 1994). A deeper understanding
of the molecular mechanisms involved in proteoglycan
depletion may aid the development of efficient diseasemodifying osteoarthritic drugs (DMOADs).
The core protein of aggrecan has three globular
domains: G1, G2 and G3. G1 and G2 are separated by

Cartilage is normally maintained by a balance between
catabolic and anabolic processes. However, in joint
degenerative diseases, such as osteoarthritis (OA), the
rate of cartilage degradation exceeds the rate of formation, resulting in a net loss of cartilage matrix (Behrens
et al. 1989, Felson & Neogi 2004). The extracellular matrix
(ECM) consists mainly of collagen type II, which forms
a fibrous network that entraps proteoglycans of which
aggrecan is the most predominant (Hardingham &
Fosang 1995, Kiani et al. 2002).
Aggrecan is one of the ECM proteins to be degraded
in OA (Caterson et al. 2000), primarily by ADAMTSs
(a disintegrin and metalloproteinase domain with
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the interglobular domain (IGD), which is highly sensitive to proteolysis (Flannery et al. 1992, Hardingham
& Fosang 1995). G2 and G3 are heavily saturated with
highly negatively charged GAGs (Flannery et al. 1992,
Hardingham & Fosang 1995) (Figure 1). The G2 domain
is unique to aggrecan, and sandwich enzyme-linked
immunosorbent assays (ELISAs) of aggrecan degradation have been developed against peptides with the G2
and the neoepitopes 342FFGVG or 374ARGSV (Karsdal
et al. 2007, 2008) generated by MMPs (Flannery et al.
1992) and ADAMTS (Tortorella et al. 1999), respectively.
The ADAMTS-specific 374ARGSV site is located between
the 342FFGVG site and the G2 domain. The 342FFGVG-G2
fragments assayed in the present study represent only
MMP-mediated degradation, which has not already
been processed by ADAMTSs. The 374ARGSV-G2 represents fragments, which theoretically may have been
pre-processed by MMPs at the 342FFGVG site (Figure 1),
although the available evidence suggests that this is very
unlikely (Mercuri et al. 2000).
Studies with ex vivo cultures have shown that cytokinestimulated cartilage releases collagen and proteoglycan
fragments to the conditioned medium (Sondergaard
et al. 2006a). These fragments can be detected by novel
ELISA assays, which measure neoepitopes cleaved by
specific proteases. These degradation patterns resemble
the molecular mechanisms seen in the pathogenesis
of OA (Caterson et al. 2000). Our group has previously
shown that cytokine-stimulated cartilage releases products with specific neoepitopes from collagen type II and
aggrecan (Karsdal et al. 2007, 2008, Rousseau et al. 2008,

Sondergaard 2006a). Furthermore, we also showed that
MMP-2 and -9 activity increased over time in cytokinestimulated cartilage explants (Sondergaard 2006a),
which is important when investigating the difference
between aggrecanase- and MMP-mediated degradation
of aggrecan.
Different research groups have suggested that articular cartilage aggrecan may be present in the tissue in
two or more metabolic pools (Ilic et al. 1995, Lark et al.
1997, Lohmander et al. 1973, Mok et al. 1994, Struglics
et al. 2006). However, currently, the temporal and spatial molecular degradation of aggrecan has not been
clarified, and various contradictory theories and models
have been proposed by different investigators (Fosang
et al. 2000, Lark et al. 1997, Sandy 2006, Struglics et al.
2006). It has been proposed by Fosang et al. (2000) that
aggrecan degradation by ADAMTSs and MMPs occurs in
independent locations and with different kinetics. More
recently Struglics et al. (2006) analysed human synovial
fluids and concluded that ADAMTSs and MMPs act
sequentially on the same substrate molecule. A review
of the area by Sandy (2006) attempted to clarify these
controversies. On the basis of available evidence, Sandy
(2006) concluded that ADAMTSs and MMPs degrade
different aggrecan structures. Specifically it was suggested that ADAMTSs act primarily on full-length or
G1-G2-chondroitin sulfate1 aggrecan by a sequential
process which removes the chondroitin sulfate-bearing
domains and lastly at the Glu373-374Ala bond in the IGD.
In contrast it was proposed that MMPs degrade only the
calpain (calcium-dependent cysteine protease) product

IGD
MMP

sGAG
ADAMTS

IPEN341 342FFGV

TEGE373

G1

374ARGS

G3

G2

F-78-HRP

F-78-HRP
BC-3

AF-28
Figure 1. Protease-mediated neoepitopes in aggrecan. Aggrecan molecule with three globular domains G1, G2 and G3. The interglobular domain
(IGD) is highly sensitive to proteolysis. Beneath the aggrecan molecule are the 342FFGVG-G2 and 374ARGSV-G2 fragments mediated by matrix metalloproteinase (MMP) and ADAMTS, respectively. The antibodies BC-3 and AF-28 recognize the neoepitopes and F-78 is the detection antibody
binding to the G2 domain. The domain between G2 and G3 is heavily saturated with highly negatively charged glycosaminoglycans (GAGs).
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G1-G2-keratan sulfate (Maehara et al. 2007, Oshita et al.
2004) by cleavage at the 342FFGVG site. In this scenario
the independent activities of ADAMTSs and MMPs are
seen as being due to a protease-specific preference for
different substrate structures. Furthermore, Lark et al.
(1997) described three hypothetical models for pathways
of proteolytic degradation of aggrecan, emphasizing the
complex nature of the generation of various fragments
from the same molecule.
To examine further the kinetics and molecular
dynamics of aggrecanolysis in cartilage explant cultures,
we investigated the degradation process by quantifying
the time-dependent release of ADAMTS- and MMPmediated aggrecan fragments by the 374ARGSVI-G2
and 342FFGVG-G2 ELISA assays, respectively. These
new aggrecan fragments were categorized by size, via
Western blot, to identify molecular differences regarding
glycosylation of the core protein. Furthermore, we investigated the specificity pattern of MMP-9 and ADAMTS-4
for degrading native and deglycosylated aggrecan in
vitro with respect to generating the aforementioned ex
vivo neoepitopes.

et al. 2007), with AF-28 (Fosang et al. 1995) as the
catching antibody. Quantification of the aggrecanasemediated 374ARGSV-G2 neoepitope was obtained in
a similar way to the 342FFGVG-G2 ELISA, except the
catching antibody was BC-3 (Abcam, Cambridge, UK)
to recognize the aggrecanase-mediated neoepitope
374
ARGSVI (Karsdal 2007). Both assays required the presence of the G2 domain on the fragments being assayed,
with the detecting antibody being F-78. The efficacy of
the antibodies was confirmed by blocking experiments
in cytokine-stimulated explant media with the peptides
342
FFGVGEEDITVQT and 374ARGSVILTVKPIF (Bachem,
Weil am Rhein, Germany).
Detection of sulfated glycosaminoglycans
Sulfated glycosaminoglycan (sGAG) levels were measured
in the conditioned medium using the alcian blue-binding
assay according to the manufacturer’s instructions (EuroDiagnostica, Malmö, Sweden).
Western blot on supernatants
Conditioned medium from four replicates of MI, nontreated, or cytokine-stimulated cartilage explants from
day 7 or 21 were either deglycosylated for 4 h with keratanase and chondroitinase lyase ABC (0.1 units/10 μg)
(Sigma Aldrich) with gentle shaking at 37°C in 100 mM
Tris/HCl and sodium acetate buffer at pH 6.5, or left
untreated. Thirty microlitres of the deglycosylated or
untreated sample was electrophoresed on 3–8% precasted Tris–acetate gradient gels under reducing conditions using Tris–acetate as running buffer (Invitrogen).
After transferring the proteins to polyvinyl difluoride
membranes overnight at room temperature (RT) at 120
mA in a 10 mM N-cyclohexyl-3-aminopropanesulfonic
acid buffer with 5% ethanol, the membranes were
blocked with 50 ml of 5% non-fat milk powder, 0.2%
Tween-20 in PBS with shaking for 2 h at RT. Antibodies
were applied in appropriate dilutions in 50 ml PBS
with 5% bovine non-fat milk, 0.2% Tween-20 for 1 h at
RT. BC-3 anti-374ARGSVI cell supernatants (Caterson
et al. 2000) diluted 1:50 or the anti-342FFGVG monoclonal antibody AF-28 diluted 1:2250, giving a final
concentration of 1200 ng ml−1 IgG (Fosang et al. 1995).
After washing three times with PBS containing 0.2%
Tween-20, the membranes were incubated for 1 h at RT
with peroxidase-labelled rabbit antimouse antibody
(1:5000) (Millipore, Copenhagen, Denmark) in PBS
with 5% bovine non-fat milk powder, 0.2% Tween-20.
After washing three times with PBS (0.2% Tween-20),
the bands were visualized using an electrochemiluminescence developer system (Amersham, Hilleroed,
Denmark).

Materials and methods
Tissue preparation
Bovine articular cartilage explants were harvested by
using a scalpel to remove the articular cartilage without adherent calcified cartilage from stifle joints of
18-month-old bovine heifers. The cartilage explants
(12 ± 2 mg) were washed in phosphate-buffered saline
(PBS) and cultured in 96-well plates (Nunc, Slangerup,
Denmark) in four replicas with 200 µl serum-free
medium (Life Technologies, Naerum, Denmark) plus
penicillin/streptomycin (Invitrogen, Taastrup, Denmark)
per well in the absence or presence of tumour necrosis
factor (TNF)-α (10 ng ml−1) (R&D Systems, Abingdon,
UK) and oncostatin M (OSM) (20 ng ml−1) (Sigma
Aldrich, Broendby, Denmark). These concentrations
had been optimized in previous ex vivo model studies
by Sondergaard et al. (2006a, b). As a negative control,
cartilage was metabolically inactivated (MI) by three
repeated freeze–thaw cycles in liquid N2, and at 37°C in
a water bath. The explants culture media were replaced
every 2nd or 3rd day for 21 days. The conditioned media
were kept at -20°C until tested for the presence of biochemical markers.
Biochemical markers of aggrecan degradation
MMP-mediated aggrecan degradation was quantified
using the 342FFGVG-G2 sandwich ELISA assay (Sumer
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ELISA for determining the total aggrecanase activity

Results

The total aggrecanase activity in the conditioned medium
from days 7–21 was measured in four replicates using a
commercially available ELISA assay according to the
manufacturer’s instructions (MD Bioscience, Zurich,
Switzerland).

Depletion of sulfated glycosaminoglycans in
cytokine-stimulated cartilage explants is mediated by
aggrecanases
As aggrecan is one of the first proteins to deplete from
articular cartilage in early OA, we investigated the timedependent enzyme-mediated release pattern of aggrecan molecules from cytokine-stimulated bovine articular
cartilage explants. The first cytokine-stimulated release
of aggrecan fragments from bovine articular cartilage
explants was caused by aggrecanase activity, as demonstrated by an increase in fragments detected by the
374
ARGSV-G2 assay. The maximum level of aggrecan fragments was detected at day 7 (Figure 2A) corresponding
to an approximate sevenfold increase compared with
non-stimulated bovine articular cartilage explants. After
the peak at day 7, 374ARGSVI-G2 concentrations were
reduced to background levels.
To investigate if the reduction in 374ARGSVI-G2 after
day 7 resulted from depletion of the aggrecan protein as a
substrate, we measured the MMP-mediated 342FFGVG-G2
fragments. A time-dependent analysis showed that after
day 16, increased 342FFGVG-G2 fragments were released
from cytokine-stimulated cartilage. At day 21, an increase
of more than 1600% in these released fragments was
observed in cytokine-stimulated cartilage compared
with non-stimulated cartilage (Figure 2B). This indicted
that aggrecan was present as a substrate during the entire
culture period.
Karsdal et al. (2008) showed a total depletion of sGAGs,
assessed by alcian blue staining from bovine cartilage
explants as early as after 7 days after cytokine stimulation,
while the non-stimulated cartilage retained the sGAGs in
the ECM. Measurements of the time-dependent release
of sGAGs to the conditioned medium (Figure 2C) showed
a similar pattern to the aggrecanase-mediated aggrecan
degradation. This indicated that the loss of sGAGs may
be linked to the loss of aggrecanase-mediated aggrecan
degradation.
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Digestion of aggrecan fragments in the conditioned
medium with ADAMTS-4
The conditioned medium from cytokine-stimulated
cartilage explants from day 21 was diluted 1:50 in
aggrecanase digestion buffer (50 mM Tris–HCI, pH 7.5,
150 mM NaCl, 5 mM CaCl2, 1 μM leupeptin, 1 μM pepstatin, 1mM Pefabloc, 0.05% Tween-20) and digested for
15 min with shaking at 37°C, using a total concentration
of 20 nM of ADAMTS-4 (Millipore). The digestions were
stopped with 0.5 mM EDTA and the media tested using
the 342FFGVG-G2 and 374ARGSV-G2 assays.
MMP-9 and ADAMTS-4 digestion on native and
deglycosylated aggrecan
Purified bovine aggrecan (Sigma Aldrich) was dissolved in
chondroitinase buffer (50 mM Tris, pH 8, 60 mM sodium
acetate, 0.02% BSA) to a concentration of 2 mg ml−1. One
half of the solution was deglycosylated with chondroitinase ABC (0.01 U/10 µg) for 4 h at 37°C with shaking.
The other half was left untreated but incubated along
the deglycosylated half. Two hours before terminating
the deglycosylation, the MMP-9 enzyme (Calbiochem,
Herlev, Denmark) was activated in 4-aminophenylmercuric acetate (APMA) (1 mM) at 37°C for 2 h. The native
and deglycosylated aggrecan were each digested with
MMP-9 (1:100 enzyme/protein) and ADAMTS-4 (1:50
enzyme/protein). Digestion with MMP-9 continued for
3 days in a MMP buffer (100 mM Tris–HCl, 100 mM NaCl,
10 mM CaCl2, 2 mM Zn-acetate, pH 8) while digestion
with ADAMTS-4 took place over 22 h in a ADAMTS-4
buffer (75 mM Tris–HCl, 5 mM CaCl2.2H2O, 150 mM NaCl,
pH 7.5) at 37°C, and was stopped with 0.5 mM EDTA. The
MMP-9 and ADAMTS-4 digestions on native and deglycosylated aggrecan were examined using the 342FFGVG-G2
and 374ARGSV-G2 ELISA assays.

Aggrecanase-mediated aggrecan degradation
fragments are predominantly glycosylated whereas
MMP-mediated aggrecan degradation fragments are
predominantly deglycosylated

Statistics

Due to the strong correlation between aggrecanasemediated aggrecan degradation and sGAG-substituted
molecules, we investigated aggrecan fragments in the
early period (day 7) and late period (day 21) by Western
blotting.
In the conditioned medium from cytokine-stimulated
cartilage from day 7, a high-molecular-weight band –
above 460 kDa – of the aggrecanase-mediated 374ARGSVI

Results are shown as mean + standard error of mean
(SEM). Baseline was set at day 2 of culturing. Differences
between mean values were compared using the Student’s
t-test for unpaired observations, assuming normal distribution where more than four replicates were used.
Differences were considered statistically significant if
p < 0.05.
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(Figure 3C) was relatively insensitive to deglycosylation
(Figure 3D). No bands were detected when BC-3 was
used for staining of the conditioned media from day 21,
or the monoclonal antibody AF-28 from day 7 (data not
shown), which resemble the time-dependent analysis by
the 374ARGSV-G2 and 342FFGVG-G2 assays in Figure 2A
and B.
The calculated theoretic molecular weight difference
between the neoepitopes 342FFGVG-G2 and 374ARGSV-G2
is approximately 3.6 KDa (32 aa). However, the molecular
weight difference between these two neoepitopes when
released as fragments to the conditioned media was far
from this. The 374ARGSV-G2 fragment was glycosylated
and large, and the 342FFGVG-G2 fragment was deglycosylated and small. This explains the correlation between
the release patterns of sGAGs and aggrecanase-mediated
aggrecan degradation. Furthermore, the Western blots
clearly showed that the deglycosylated 374ARGSV-G2
fragments were more than 200 KDa larger than the
deglycosylated 342FFGVG-G2 fragments. This indicates
that we were not able to deglycosylate the 374ARGSV-G2
fragments totally, and that the protein structure of the
aggrecanase-mediated aggrecan fragments may be larger
than the MMP-mediated 342FFGVG-G2 fragments.
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Lack of aggrecanase-mediated aggrecan degradation
is not a consequence of lack of aggrecanase activity
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**
**

In the late culture period, after day 16, we saw high
levels of 342FFGVG-G2 fragments and very low levels
of 374ARGSV-G2 fragments. To investigate if the lack of
aggrecanase-mediated aggrecan degradation was caused
by depletion of aggrecanase activity, we tested the conditioned medium at days 7 and 21. The concentration of
aggrecanases released at day 7 from cytokines-stimulated
cartilage did not show any increase compared with that
from the non-stimulated cartilage. In contrast, the concentration of aggrecanases released at day 21 from cytokinestimulated cartilage revealed an elevation of over 935%
compared with non-stimulated cartilage (Figure 4). This
reduced release of aggrecanases at day 7 is interesting,
because of the high aggrecanase-mediated degradation
of aggrecan at the same time. However, the aggrecanases
might still be sited in the extracellular matrix, which is
then released later due to the loss of sGAGs. It appeared
that the low concentration of 374ARGSV-G2 fragments at
day 21 was not due to low aggrecanase activity.
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21

Figure 2. Quantification of biochemical markers. Bovine articular
cartilage explants were isolated and cultured with the proinflammatory cytokines oncostatin M (OSM) (10 ng ml−1) in combination with
tumour necrosis factor (TNF)-α (20 ng ml−1) (- ◆ -). The time-dependent release of aggrecanase-mediated 374ARGSV-G2 (A), matrix metalloproteinase (MMP)-mediated 342FFGVG-G2 fragments (B) or sulfated
glycosaminoglycans (GAGs) (C) were quantified. Non-stimulated
explants (- ■ -) were used as the vehicle. Metabolically inactivated
(MI) explants (- ● -) were used as a negative control to measure the
non-chondrocyte-mediated release. The asterisks indicate significant
difference compared with non-treated explants; *p < 0.05, **p < 0.01,
***p < 0.001; n = 4. W/O, non-stimulated controls).

The MMP-mediated deglycosylated aggrecan
degradation released in the late period is not
protected from further cleavage at the major
aggrecanase site in the IGD in vitro

neoepitope was recognized by the monoclonal antibody
BC-3 (Figure 3A). This band was reduced to approximately 325 kDa upon deglycosylation (Figure 3B). In
contrast, the low-molecular-weight smear of bands
carrying the 342FFGVG neoepitopes detected in the
supernatant at day 21 with monoclonal antibody AF-28

Aggrecanases were present in the conditioned medium
at the end of the culture period. To investigate whether
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Figure 3. Western blot analysis of aggrecanase- and matrix metalloproteinase (MMP)-mediated fragments. Conditioned medium of four replicates
of non-stimulated, metabolically inactivated (MI) or cytokines stimulated explants from day 7 or day 21 were separately pooled by days and either
left untreated (A and C) or deglycosylated (B and D). Pooled supernatants were run in 3–8% precasted Tris–acetate gels under reducing conditions. The two uniform membranes were stained with either the monoclonal antibody BC-3 (1:50 dilution) staining for the aggrecanase-mediated
374
ARGSVI neoepitope (A and B) or the monoclonal antibody AF-28 (1200 ng ml−1), staining for the MMP-mediated 342FFGVG-sequence (C and D).
Peroxidase-labelled rabbit antimouse antibody (1:5000 dilution) was used as a secondary antibody. A standard molecular weight marker was also
run to determine the size of the detected fragments (not shown). W/O, non-stimulated controls).
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The conditioned medium from cytokine-stimulated explants from day 21 was digested in vitro with
ADAMTS-4 and measured by the 342FFGVG-G2 and
374
ARGSV-G2 assays. The aggrecanase degradation index
(374ARGSV-G2/342FFGVG-G2) was calculated and the
ADAMTS-4 digested media produced a 225% elevation
compared with the index from non-ADAMTS-4-digested
media (Figure 5). This indicates that the 373/374 cleavage site in the aggrecan fragments present at day 21 (only
low-molecular-weight aggrecan) was functional, but only
cleaved in vitro, not ex vivo.

**

0.4
0.3
0.2
0.1
0.0

Day 7

Day 21

Figure 4. Quantification of aggrecanase activity in catabolically
stimulated bovine explants. Bovine articular cartilage explants were
isolated and cultured in the presence or absence of cytokines for 21
days. Non-stimulated explants were used as the vehicle. Metabolically
inactivated (MI) explants were used as a negative control to measure
the non-chondrocyte-mediated release. The mean value of aggrecanase activity in the conditioned medium was determined by measuring four different wells containing the same treatment. This was done
for all three different treatments at days 7 and 21. The aggrecanase
activity was significant increased (p < 0.01) in supernatants (n = 4) from
cytokine-stimulated cartilage compared with the non-stimulated controls (W/O) at day 21.

Substrate affinities by MMPs and aggrecanases may
be essential for the diverse generation of 342FFGVG-G2
and 374ARGSV-G2, and not the availability of aggrecan
But why were the aggrecanase-mediated aggrecan
fragments not present ex vivo at day 21, when both
aggrecanases and a functional aggrecanase cleavage site
were present in the conditioned medium? To investigate
the difference between in vitro and ex vivo cleavage in
aggrecan, we focused on the importance of glycosylation,
which was absent in the late culture period. We investigated the different proteolytic potentials for ADAMTS-4
and MMP-9 on either native or deglycosylated aggrecan
in vitro and compared the results with the present ex vivo
study. These proteolytic digestions were assessed by the
374
ARGSV-G2 and 342FFGVG-G2 assays.

the lack of 374ARGSV-G2 fragments at day 21 was due to
the inability of aggrecanases to process the 342FFGVG-G2
fragments further, we added recombinant enzymes to
the culture medium and measured further cleavage of
the 342FFGVG-G2 aggrecan fragments by quantitative
measurements.
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ADAMTS-4 digestion significantly increased the levels of 374ARGSV-G2 on both native and deglycosylated
aggrecan compared with the non-digested controls
(Figure 6A). Furthermore, the 374ARGSV-G2 levels were

significantly higher for digested deglycosylated aggrecan compared with digested native aggrecan. MMP-9
digestion showed a similar degradation pattern to
ADAMTS-4 digestion. The levels of 342FFGVG-G2 were
significantly increased on both native and deglycosylated aggrecan compared with the non-digested controls (Figure 6B). Furthermore, the 342FFGVG-G2 levels
were significantly higher for digested deglycosylated
aggrecan compared with digested native aggrecan.
This did not correlate with the detection of 374ARGSV-G2
fragments at day 7 (high level) and day 21 (low level)
in the ex vivo study (Figure 2A), but highlights the
importance of distinguishing between in vitro and ex
vivo results.
Interestingly, the 374ARGSV-G2 levels were approximately 50 times greater than the 342FFGVG-G2 levels.
This detectable difference between the two neoepitope
assays measured from in vitro samples resembles the
difference we were able to detect in the individual peaks
at days 7 and 21 in the ex vivo samples (Figure 2A and B).
This indicates that the ex vivo measurements were reliable. This confirms that the lower concentration level of
342
FFGVG-G2 compared with 374ARGSV-G2 was not due
to limited aggrecan as a substrate.
We were unable to conclude if glycosylation played
an important role, based on the in vitro study. However,
the substrate affinities of MMPs and aggrecanases may
still be the essential factor for the diverse generation of
342
FFGVG-G2 and 374ARGSV-G2 ex vivo.

*

1.0
0.8
0.6
0.4

Figure 5. Further cleavage of released matrix metalloproteinase (MMP)-mediated 342FFGVG-G2 fragments to 374ARGSVI-G2 by
ADAMTS-4. Supernatants from bovine articular cartilage explants cultured in the presence of cytokines for 21 days (n = 4) were digested with
20 nM ADAMTS-4, diluted 1:50 and assessed by the immunoassays
374
ARGSV-G2 and 342FFGVG-G2 quantifying aggrecanase- and MMPmediated aggrecan fragments, respectively. The degradation index
(374ARGSV-G2)/(342FFGVG-G2) was made for the ADAMTS-4-treated
cytokine-stimulated supernatants (black bar) and the undigested
(ADAMTS) cytokine-stimulated control (grey bar); *p < 0.05.
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Day 21
1.2

Figure 6. Matrix metalloproteinase (MMP)-9 and ADAMTS-4 digestion on native and deglycosylated aggrecan. Purified bovine aggrecan was
either left untreated or deglycosylated. The native and deglycosylated aggrecan were each digested with MMP-9 and ADAMTS-4 and assessed by
the 374ARGSV-G2 (A) and 342FFGVG-G2 (B) ELISA assays; *p < 0.001; n = 4.
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Discussion

FFGVG-G2 fragments in the late culture period. These
data suggest that two different pools of aggrecan molecules contain an N-terminal neoepitope in the IGD
region (342FFGVG and 374ARGSVI), the G2 domain and a
C-terminus of considerable difference. In particular, the
C-terminus and glycosylation are obvious candidates to
explain the discrepancy in the molecular sizes of the two
aggrecan pools. The results from the present paper are
summarized in Figure 7.
Our high- versus low-molecular-weight data support the theory described by Sandy (2006) that MMPs
and aggrecanases act independently, and aggrecanases
cleave intact aggrecan, whereas MMPs degrade aggrecan
molecules which have already been C-terminally cleaved.
Moreover, Lark et al. (1997) reported that MMPs are
located in the damaged cartilage area, whereas aggrecanases are located in the non-damaged area. This is
consistent with our study showing that aggrecanases are
present in the beginning of the culture period and MMPs
are present in the later culture period when the cartilage
is further degraded.
Struglics et al. (2006) suggested that two distinct pathways were responsible for aggrecanolysis in vivo: first,
the MMP-mediated 342FFGVG-neoepitope in the pericellular matrix and secondly the aggrecanase-mediated
374
ARGSVI neoepitope in the inter-territorial matrix, on
the same aggrecan molecule. This is not supported by
the results in the present paper. However, the theory of
the two distinct pathways is consistent with observations
made in the present study, and is furthermore supported
by identification of such aggrecan fragments in human
synovial fluid spanning molecular sizes of 80–335 kDa
(Struglics et al. 2006). Our Western blot data differ from
those of Struglics et al. (2006) who found MMP-mediated
high-molecular-weight fragments in the synovial fluid
samples and in cartilage explants stimulated with MMPs.
We only detected high-molecular-weight fragments from
aggrecanase-mediated degradation (Figure 3).
One possible explanation for this interesting discrepancy is the differences between ex vivo and in vivo settings. In the current experiments we used a synchronic
culture system, which presents a temporal predefined
order of events following induction of catabolic activity against bovine cartilage (Karsdal 2007, 2008). This
experimental setting is in contrast to OA patients who
may have cartilage mal-metabolism ranging in severity at
different distinct local places in the same joint. Enzymes
are to some extent freely diffusible in the synovial fluid,
so damaged cartilage areas mediated by extensive MMP
activity may also ‘share’ some of these MMPs with other
areas which have less cartilage damage, and which may
primarily consist of aggrecanase activity. Such ‘enzyme
sharing’ in the local environment may indeed generate
the MMP-mediated high-molecular-weight fragments as
described by Struglics et al. (2006).
342

To elucidate the molecular mechanisms behind the
destruction of the ECM, a large number of studies have
reported the molecular nature of type II collagen and
aggrecan fragments as they are released into the synovial fluid (Malfait et al. 2002, Sandy et al. 1992, Struglics
et al. 2006) or into explant culture supernatants (Caterson
et al. 2000, Fosang et al. 2000, Little et al. 1999, Sumer
et al. 2007, Sztrolovics et al. 2002). While members of the
MMP family have long been known to have the capacity to cleave aggrecan (Fosang et al. 1996, Struglics et al.
2006), only recently were the aggrecanases identified to
have the same ability (Stanton et al. 2005, Struglics et al.
2006). Subsequently, the relative importance of MMPs
and aggrecanases in aggrecanolysis has been debated.
In the present study we demonstrated that in cytokinestimulated ex vivo cultures of articular bovine cartilage,
both MMP- and aggrecanase-mediated aggrecan fragments were released into the supernatant, but not
simultaneously. The catabolic stimulation of cartilage
explants induced an early release of aggrecanase-mediated 374ARGSVI-G2 fragments, and only after returning to
background levels did we detect an increase in the MMPmediated release of 342FFGVG-G2 fragments. The peak at
day 7 and subsequent drop in the release of aggrecanasemediated aggrecan fragments in the ex vivo culture
(Figure 2A) was not caused by depletion of the aggrecan
as a substrate, because we detected MMP-mediated
aggrecan degradation later in the culture period (Figure
2B), which verified the presence of the core proteins of
aggrecan. Furthermore, our data suggested that the drop
in aggrecanase-mediated aggrecan fragments was not
caused by the lack of the aggrecanases, as a high level
of their activity was detected in the late culture period
(Figure 4).
As presented, we found both evidence of the presence
of aggrecan as a substrate and aggrecanase activity in the
late period of culture, but interestingly no 374ARGSVI-G2
fragments. We further demonstrated that it was possible
to generate 374ARGSVI-G2 fragments from the MMPmediated 342FFGVG-G2 fragments, when treated with
aggrecanases in vitro. This suggests that low concentrations of 374ARGSVI-G2 fragments in the late culture period
did not result from an inaccessible 373/374-cleavage site
in the 342FFGVG-G2 fragments. However, this does not
explain why the cleavage only happens in vitro and not
ex vivo. The ambiguity regarding the lack of 374ARGSVI-G2
fragments in the late culture period resulted in further
investigations. We detected an identical pattern of
aggrecanase-mediated aggrecan degradation as occurred
with the sGAG release. This link between 374ARGSVI-G2
fragments and sGAGs was confirmed via Western blotting, showing highly glycosylated 374ARGSVI-G2 fragments from the early culture period and deglycosylated
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MMP activity
Aggrecanase
activity

342-G2

sGAG
374-G2
Time
Figure 7. Schematic overview of aggrecanolysis in the explants model. The dotted lines represent protease activity of matrix metalloproteinase
(MMPs) and aggrecanases over time. The other lines represent the degradation fragments released from the cartilage explants to the conditioned
medium over time. Above the lines are cartoons of aggrecan attached to hyaluronic acid, which show the degradation and release of sulfated glycosaminoglycans (sGAGs) from the aggrecan molecule over time. Aggrecanases cleave the glycosylated aggrecan molecules in the early culture
period, whereas MMPs degrade deglycosylated aggrecan molecules in the late culture period.

Importantly, Struglics et al. (2006) also suggested that
aggrecanases cleaved MMP-mediated fragments in the
highly glycosylated region (between G2 and G3), and not
in the IGD. In addition, they presented data in agreement
with Fosang et al. (2000), who clearly demonstrated that
aggrecanases were unable to cleave 342FFGVG fragments
at the NITEGE373–374ARGSVI site (Fosang et al. 2000). Our
data support these observations and conclusions ex vivo,
albeit not in vitro, as we observed that ADAMTS-4 was
capable of processing the MMP-mediated 342FFGVG-G2
fragments further in the IGD (Figure 5). However, a high
concentration of aggrecanases was used to post-cleave
the fragments released into the supernatant, and thus
our data suggest that these fragments released ex vivo
were protected from aggrecanase-mediated cleavage at
the NITEGE373–374ARGSVI site. The molecular mechanism
behind this protection ex vivo is currently debated, but
it may be the lack of glycosylation of the MMP-mediated
aggrecan fragments. We support the suggestion by
Tottorella et al. (2000) that aggrecanases may favour
highly glycosylated forms of aggrecan, or depend on
the protein sequence upstream of the 374ARGSVI site
for proper recognition and processing ex vivo. In fact,
another group reported that aggrecanase activity is promoted by the presence of glycosylated aggrecan (Pratta
et al. 2000).

All the aforementioned biomarkers were measured in
conditioned medium synthesized by ex vivo cleavage. We
designed an in vitro experiment to investigate the differences of in vitro and ex vivo cleavage in aggrecan. This
enabled us to investigate the different proteolytic affinities
for ADAMTS-4 and MMP-9 on native or deglycosylated
aggrecan, which we assessed by the 374ARGSV-G2 and
342
FFGVG-G2 assays. The measurements showed significant increased levels for 374ARGSV-G2 and 342FFGVG-G2
fragments when stimulated with ADAMTS-4 and MMP-9,
respectively. In vitro cleavage showed that 374ARGSV-G2
levels were approximately 50 times greater than the
342
FFGVG-G2 levels. This difference between the two
neoepitope assays measured in the in vitro samples
resembled the difference we detected in ex vivo samples
(Figure 2A and B). This suggests that the approximately
ten times lower levels of 342FFGVG-G2 compared with
374
ARGSV-G2 levels measured from the ex vivo cleavage,
were not due to limited aggrecan as a substrate, and therefore the measurements ex vivo represent a reproducible
difference between the neoepitopes. Interestingly, the in
vitro measurements showed that ADAMTS-4 and MMP-9
both show a preference to degrade deglycosylated aggrecan rather than native aggrecan. This is somewhat different from the ex vivo measurements, which indicated
that ADAMTS-4 prefer to degrade glycosylated aggrecan
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and MMP-9 favoured degrading deglycosylated aggrecan
(Figures 2 and 3). This highlights the need to distinguish
between in vitro and ex vivo results.
In conclusion, this study highlights the importance of
the separate and distinct proteolytic processing of aggrecan, which varies over time. If the current findings are
to be useful in a clinical setting, it may be favourable to
target activity or expression of aggrecanases early in the
OA process, whereas at later stages, after the depletion of
sGAGs, it may be more efficacious to target expression or
activity of MMPs.
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Introductory remarks
This manuscript describes the endogenous proteases in human OA cartilage, and the biochemical
markers that are able to assess the different proteolytic pathways for both collagen type II and
aggrecan degradation. More investigation on this topic may have significant value for
development of new treatments for OA.
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Abstract
Treatment for cartilage degenerating diseases is either analgesic or joint replacement. Thus, the
discovery and development of new treatments are needed. Proteases, such as metalloproteinases
and cathepsins, play a major role in the net degradation of cartilage, and are therefore a natural
target for drug development. By testing the ability of a library of proteases to degrade cartilage
explants, and by inhibiting one type of protease, we aim to find the proteases responsible for
collagen type II and aggrecan degradation and possible masking effects by other proteases.
The cysteine inhibitor, E64, and the proteases; MMP-3 and -7, and ADAMTS-4
and -5, all increased aggrecan degradation (AGNx-II), in human metabolic inactivated
osteoarthritic (OA) cartilage. The MMP inhibitor, GM6001, abrogated all the increased aggrecan
degradation. Collagen type II was degraded with MMP-7 (CTX-II) and MMP-9 (NBC2), which
both could be inhibited by GM6001. Human OA cartilage cultured in buffer optimal for cysteine
proteases showed an increase in levels of CTX-II and NBC2 fragments when incubated with
GM6001. Furthermore, we observed altered levels of the biomarkers between normal and precytokine-stimulated bovine cartilage, indicating an induced alteration of the endogenous
proteases.
In human OA cartilage, the degradation markers are released in part by different
proteolytic pathways. Inhibition of cysteine proteases unmasks the levels of MMP-mediated
aggrecan degradation in OA cartilage. Inhibition of MMPs also unmasks the levels of the collagen
type II degradation mediated by non-MMPs. The role of endogenous proteases probably
depends on the stage of OA, as we did not observe the same release of biomarkers in normal
versus cytokine-stimulated and OA cartilage.
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Introduction
Cartilage turnover is a complex process in which proteases play a prominent role in both health
and disease. The extracellular matrix (ECM) in healthy articular cartilage is expressed and
regulated by the chondrocytes, which include expression of matrix proteins, proteases, and
protease inhibitors1. One of the major mediators of cartilage destruction in osteoarthritis (OA) is
the metalloproteinases; matrix metalloproteinases (MMPs) and A Disintegrin And
Metalloproteinase with Thrombospondin Motifs (ADAMTS’)2. In few words, the destruction of
ECM in OA results from initial aggrecan degradation by ADAMTS’ and subsequently
degradation by diverse MMPs that continues to degrade the major components of the ECM, e.g.
collagen type II and aggrecan2,3,4. However, cysteine proteases are also essential players in the
proteolytic cleavage of ECM in OA, which are synthesized both by the chondrocytes and
synovial cells in response to cytokines and growth factors5.
Currently, treatment of cartilage degenerative diseases is either analgesic or joint
replacement. Thus, the discovery and development of new treatments are needed. Since proteases
- such as MMPs and cathepsins - play a major role in the net degradation of cartilage, they are a
natural target for drug development. Early treatment with protease inhibitors to either reduce
inflammation and/or reduce aggrecan/collagen loss may have the potential to reduce the onset
of future idiopathic or posttraumatic osteoarthritis. However, to target the right protease at the
right time during the progression of OA, a better understanding of the proteolytic processes is
needed. ECM-neoepitope biomarkers are great tools for investigating the proteolytic processes6.
The collagen type II degradation marker, C-terminal telopeptide degradation fragment (CTX-II)7
and the aggrecan degradation marker, AGNx-II8, are both MMP-specific. The novel collagen
type II intra-helical degradation markers, NBC2, are supposed to represent cathepsin-specificity.
However, the biomarker will be evaluated in the present study.
In this study, we identified which MMPs, ADAMTS’ and cathepsins were able to
generate CTX-II, NBC2, and AGNx-II fragments using an in vitro and ex vivo model of human
OA cartilage. Such data could provide information on the specificity of the different proteases
for cleavage of collagen and aggrecan, and also inform us about the proteolytic pathways for each
biomarker release. Furthermore, the endogenous proteases in normal bovine cartilage were
compared with cytokine-stimulated bovine and human OA cartilage. The cytokines, oncostatin M
(OSM) and tumor necrosis factor-α (TNF-α), are inducers of cartilage degradation in vivo and in
vitro9, and would allow us to induce a controlled catabolic system towards the one seen in human
OA cartilage. I.e. induction of aggrecanases after 4 days with cytokine stimulation and induction
of MMPs after 11 days with cytokine stimulation3. By inhibiting one type of protease, we aimed
to find the proteases responsible for collagen type II and aggrecan degradation and possible
masking effects by other proteases.
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Methods
Sources of proteases, inhibitors and cytokines
Purified human matrix metalloproteinase-1 (MMP-1) and recombinant human MMP-7 were
purchased from Enzo life science, DK. Recombinant human Cathepsin-L and purified human
Cathepsin-S and Cathepsin-B were from BioVision, US. Recombinant human aggrecanases;
ADAMTS-4 and ADAMTS-5, were from Chemicon international, DK. Purified human MMP-9
and recombinant human MMP-3, MMP-13 and Cathepsin-K, were purchased from Biocol, DE.
The
matrix
metalloprotease
inhibitor
(R)-N4-Hydroxy-N1-[(S)-2-(1H-indol-3-yl)-1methylcarbamoyl-ethyl]-2-isobutyl-succinamide (GM6001) and the cysteine protease inhibitor
trans-Epoxysuccinyl-L-leucylamido(4-guanidino)butane, L-trans-3-Carboxyoxiran-2-carbonyl-Lleucylagmatine, N-(trans-Epoxysuccinyl)-L-leucine 4-guanidinobutylamide (E64) were both
purchased from Sigma, DK. The cytokines, oncostatin M (OSM) was from Sigma, DK, and the
Tumor Necrosis Factor-α (TNF-α) was from R&D systems, UK.
Buffers
To evaluate endogenous activity of metalloproteinases (MMPs and ADAMTS’), cartilage explants
were incubated in an MMP buffer [50 mM Tris-HCL, 200 mM NaCl, 5 mM CaCl2, 1 µM ZnCl2,
0.05% NaN3, 0.05% Brij-35, pH 7]. Activation of latent MMPs was performed by adding 1 mM
freshly made p-Aminophenylmercurie (APMA). To evaluate endogenous activity of cysteine
proteinases, cartilage explants were incubated in a cysteine buffer [100 mM Na-Acetate, 5 mM
EDTA, 0.05% NaN3, pH 5]. Activation of latent cysteine proteinases was performed by adding
20 mM cysteine just before use. Both buffers were prepared with inspiration from Tabassi et al.13.
Ex vivo models
Human articular cartilage experiments
The human OA cartilage was obtained from female patients between the ages of 65-77 years
undergoing total knee arthroplasty. The patients were informed by both oral and written
communication at the hospital and gave their written consent before entering study, which was
approved by the Capital Region of Denmark, DK-3400, approval number HD-2007-0084. The
cartilage was metabolically inactivated (MI) by freeze-thaw cycles and cut into homologous
explants. Half of the MI explants were incubated in MMP buffer for 3, 6, and 9 h in the presence
or absence of the inhibitors, GM6001 [10 µM] and E64 [40uM], and the proteases [100 ng/ml];
MMP-1, -3, -7, -9, -13 and ADAMTS-4, -5. The other half were incubated in cysteine buffer for
3, 6, and 9 h in the presence or absence of the inhibitors, GM6001 [10 µM] and E64 [40 µM], and
the proteases [100 ng/ml]; Cathepsin-K, -B, -L, -S. At the end of each incubation time (3, 6, 9h),
conditioned buffer (about 300 µl) was extracted and stored frozen at -20°C until assayed for
specific biomarkers.

92

CHAPTER 7: PAPER IV

Bovine articular cartilage experiments
Bovine knees (Hereford) were bought at the local slaughter house (Slangerup, DK) just after
slaughtering. Articular cartilage explants were isolated under semi-sterile conditions and washed
in PBS. One third of the cartilage explants were MI (t=0) and stored in -80°C until use. The rest
of the cartilage explants were pre-cultured with pro-inflammatory cytokines, OSM [10 ng/ml]
and TNF-α [20 ng/ml] (O+T), for 4 or 11 days to increase aggrecanase or MMP activity,
respectively3,4. The cartilage explants pre-cultured in cytokines for 4 or 11 days were after each
termination washed in PBS and MI, and stored in -80°C until use. The frozen explants without
cytokine pre-culture (t=0) and the pre-cultured catabolic induced explants (t=4 and t=11), were
thawed and incubated in MMP or cysteine buffer for 3, 6, and 9 h in the presence or absence of
the inhibitors, GM6001 [10 µM] and E64 [40 µM]. At the end of each incubation time (3h, 6h,
9h), conditioned buffer (about 300 µl) was extracted and stored frozen at -20°C until assayed for
specific biomarkers.
Biomarkers of cartilage degradation
The type II collagen telopeptide fragment, CTX-II (urine cartilaps, IDS Ltd, DK), were measured
accordingly to the manufacturer’s instructions7. AGNx-II measures MMP-mediated aggrecan
degradation accordingly to Sumer et al.8. The type II collagen inter helical neo-epitope fragment
(…PKGARG707), NBC2, was measured accordingly to Bay-Jensen et al. 2011 (unpublished).
Statistic analysis
Results in fig. 1 are shown as mean + standard error of mean (SEM). Statistic analysis in fig. 1
was performed by ANOVA; nonparametric test, don’t assuming Gaussian distribution, n=4,
Kruskal-Wallis test with Dunn’s multiple comparison post test. Statistic significance is indicated
by the number of asterisks, * p < 0.05, ** p < 0.01, and *** p < 0.001. The Tables show mean
value of n=4 ± standard deviation (SD).
Results
Detection of key proteases to degrade human OA cartilage ex vivo; evaluated by collagen type II
degradation markers
Human OA cartilage explants incubated in buffer optimal for MMPs, increased the levels of
CTX-II when incubated with MMP-7 (p<0.01) (fig. 1A), and NBC2 when incubated with MMP9 (p<0.05) (fig. 1C). GM6001 inhibited both of these increases (data not shown).
For human OA cartilage incubated in buffer optimal for cysteine proteases, none
of the supplied cathepsins affected the two markers for collagen type II degradation (fig. 1B, 1D),
except for Cathepsin-B, which inhibited CTX-II release (p<0.05) (fig. 1B). However, cysteine
buffer alone had a marked effect on the release of NBC2 compared to a control incubated in
PBS (data not shown).
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Fig. 1. Collagen type II and aggrecan degradation are mediated by different pathways.
Human OA cartilage explants were incubated in MMP and cysteine buffer in the presence or
absence of different metalloproteinases [100 ng/ml] and cysteine proteases [100 ng/ml] (Cat =
cathepsin). Biomarkers for collagen type II degradation (CTX-II and NBC2) and aggrecan
degradation (AGNx-II) were measured after 3, 6 and 9h. Data are shown as accumulated for the
three measurements. N=4.
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Detection of key proteases to degrade human OA cartilage ex vivo; evaluated by an aggrecan
degradation marker
In human metabolic inactivated OA cartilage incubated in MMP buffer, MMP-3 and -7, and
ADAMTS-4 and -5 all increased aggrecan degradation (AGNx-II) compared to non-stimulated
vehicle (fig. 1E). Addition of the MMP inhibitor, GM6001, to the proteases attenuated this
release of the aggrecan fragments (data not shown). We did not observe any changes in the
release of AGNx-II fragments by MMP-1, -9 and -13, compared to vehicle (fig. 1E).
The cathepsins did not affect the levels of AGNx-II significantly; however, we
observed a tendency towards a decrease in the levels of AGNx-II compared to vehicle (fig. 1F).
Collagen type II degradation in normal, cytokine-induced, and OA cartilage
In normal bovine cartilage, the endogenous proteinases activated by the MMP-buffer, degraded
the collagen type II in to fragments that were able to be detected by the biomarker, CTX-II. The
MMP inhibitor, GM6001, was able to attenuate CTX-II (Table 1). The bovine cartilage precultured with cytokines for 4 and 11 days before metabolic inactivated and incubated in MMP
buffer, increased the levels of CTX-II compared to normal bovine cartilage, which were also
attenuated in the presence of GM6001. However, the human OA cartilage did not generate CTXII fragments as in the bovine samples. The cysteine protease inhibitor, E64, did not affect the
CTX-II levels. The biomarker, NBC2, was not detectable in the MMP buffer (Table 1).
The proteinases activated by the cysteine buffer in both bovine and human
cartilage, generated fragments that could be detected by both biomarkers of collagen type II
degradation; CTX-II and NBC2 (Table 2). The MMP inhibitor, GM6001 showed a tendency to
decrease CTX-II levels (P=0.057) in normal bovine cartilage, whereas the same inhibitor showed
a tendency to increase CTX-II levels in pre-cultured bovine cartilage (11 days) and in human OA
cartilage (Table 2). Additionally, GM6001 increased NBC2 in human OA and bovine normal and
pre-cultured cartilage. The cysteine protease inhibitor, E64, decreased the levels of CTX-II in
human OA and bovine normal and pre-cultured (11 days) cartilage. E64 also decreased the levels
of NBC2 in normal bovine cartilage, whereas the cysteine protease inhibitor increased the levels
of NBC2 in bovine cartilage pre-cultured with cytokines for 4 days (Table 2). The bovine
cartilage pre-cultured with cytokines for 4 and 11 days before metabolic inactivated and
incubated in cysteine buffer, decreased the levels of CTX-II compared to normal bovine cartilage
(Table 2), which was the opposite effects from the one seen in MMP buffer (Table 1).
Furthermore, the human OA cartilage had CTX-II levels corresponding to the cartilage precultured with cytokines for 11 days (Table 2). Moreover, the levels of NBC2 were also lower for
the pre-cultured cartilage (11 days) compared with the normal cartilage. However, the human OA
cartilage had greatly higher levels of NBC2 compared to bovine cartilage in general (Table 2).
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Aggrecan degradation in normal, cytokine-induced, and OA cartilage
In both bovine and human OA cartilage, the endogenous proteinases activated by MMP-buffer,
degraded the aggrecan in to fragments that were able to be detected by the biomarker, AGNx-II.
The MMP inhibitor, GM6001, was able to attenuate the levels of AGNx-II in both bovine and
human OA cartilage (Table 1). The bovine cartilage pre-cultured with cytokines for 4 and 11
days before metabolic inactivation and incubation in MMP buffer, increased the levels of AGNxII compared to normal bovine cartilage (Table 1). Furthermore, the human OA cartilage had
greatly higher levels of AGNx-II than the bovine samples (Table 1). The cysteine protease
inhibitor, E64, did not affect the normal or pre-cultured bovine samples, whereas E64 increased
the levels significantly in the human OA samples (Table 1).
The proteinases activated by the cysteine buffer in both bovine and human cartilage, also
degraded the aggrecan in to fragments that were able to be detected by the biomarker, AGNx-II.
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The MMP inhibitor, GM6001, was able to attenuate the levels of AGNx-II in normal bovine
cartilage, whereas the pre-cultured bovine cartilage was not affected by the inhibitor (Table 2).
The bovine cartilage pre-cultured with cytokines for 4 and 11 days before metabolic inactivation
and incubation with cysteine buffer, decreased the levels of AGNx-II compared to normal
bovine cartilage (Table 2), which was the opposite effects from the one seen in the MMP buffer.
Furthermore, the human OA cartilage had levels of AGNx-II as the normal bovine cartilage
(Table 2). The cysteine protease inhibitor, E64, did not affect the normal or pre-cultured bovine
samples, whereas E64 increased the levels significantly in the human OA samples (Table 2).
Discussion
The aim of our study was to understand the molecular foundation for the progression of articular
cartilage degradation that leads to OA. We analyzed the release of cartilage degradation
biomarkers from human OA cartilage by the proteinases reported to play a role in cartilage
degradation5,10. Furthermore, we investigated how diseased cartilage is altered from normal
cartilage with regards to the endogenous proteases, and we were observant to possible masking
effects among the proteases.
We showed that the cartilage degradation markers, CTX-II, NBC2, and AGNx-II,
are released in part by different proteolytic pathways in human OA cartilage, as different
proteases generated different biomarkers (fig. 1). The biomarkers were only released by specific
metalloproteinases, and none of the supplied cathepsins (fig. 1). Moreover, Cathepsin-B (and a
tendency for Cathepsin-K and Cathepsin-L) inhibited the release of CTX-II in cysteine buffer,
suggesting either a protective effect by the cathepsins on cartilage degradation or more likely a
masking effect (fig. 2) from post-cleavage of CTX-II fragments by the cathepsins. The aggrecan
degradation increased in the presence of both MMPs and aggrecanases, although AGNx-II is
MMP-specific (fig. 1G), suggesting pre- or post-cleavages by the ADAMTS’ may aid the
degradation.
In human OA cartilage explants, the collagen type II and aggrecan may already be
severely degraded by the increased production of proteases during the disease10, so further
protease-cleavage ex vivo may be difficult to detect, as specific targets measurable by our
biomarkers have already been cleaved and further processed, thereby masking the effect from the
MMPs and cysteine proteases we tested. This possible masking effect could be investigated by a
follow up study, testing the library of proteases in normal cartilage and comparing the results
with those from the present study in human OA cartilage.
The endogenous proteases in human OA samples activated in the MMP buffer
(Table 1) failed to increase the levels of CTX-II and NBC2. One suggestion could be that the
damaged OA cartilage had less chondrocytes and ECM proteins, and thus fewer enzymes
present, compared to normal cartilage. This is supported by the increased levels of CTX-II and
NBC2, when supplying MMP-7 and MMP-9 (fig.1). However, as we were able to decrease MMP-
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mediated aggrecan degradation with GM6001 in the MMP buffer, demonstrating that the human
OA cartilage is not depleted for metalloproteinases (table 1).

Fig. 2. Schematic overview of the masking effect of endogenous
proteases in human OA cartilage. The MMP-mediated neoepitope, AGNx-II, is further processed by cysteine proteases. Thus,
Inhibition of cysteine proteases result in increased AGNx-II.

Several studies by our group have shown that a combination of the cytokines, OSM + TNF-α,
induce a damaging effect on cartilage by increasing the production of proteases, e.g. aggrecanases
and MMPs3,4. This induces a shift from normal turnover towards an uneven turnover - resulting
in excessive protein degradation. In the present study, we pre-stimulated normal bovine cartilage
explants with the cytokines to induce a catabolic system that resemble human OA cartilage
regarding the proteases. This would allow us to have a system representing the proteases in
normal and diseased cartilage, from the same cartilage explant. The cartilage explant prestimulated with cytokines for 4 days increased the aggrecanase-mediated aggrecan degradation,
whereas the cartilage pre-stimulated with cytokines for 11 days increased the MMP-mediated
aggrecan degradation, and not vice versa (data not shown). This confirm that our proteases has
been induced as expected3.
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The pre-stimulated cartilage incubated in MMP buffer increased the levels of CTX-II, and
AGNx-II, suggesting aggrecanases and MMPs to be the key proteases to generate these two
biomarkers. The MMP inhibitor, GM6001, decreased the increased levels of the two biomarkers
in both 4 and 11 days pre-stimulated cartilage explants, which correlates with the literature that
GM6001 inhibits both aggrecanases and MMPs11. The biomarker levels varied significantly
between the normal, cytokine-stimulated and OA cartilage explants, showing that the prestimulated bovine cartilage explants did not represent human OA cartilage. However, the results
informed us instead that the presence and role of endogenous proteases vary from healthy
cartilage and during the progression of OA. Thus it is important to target the right proteases at
the right time, to receive the optimal treatment.
E64 indicated that cysteine proteases mask the levels of the biomarker representing
MMP-mediated aggrecan degradation, whereas GM6001 indicated that MMPs masks the levels of
the collagen type II degradation biomarkers in human OA (Table1/2). Sondergaard et al.12 have
shown that CTX-II levels increases in the presence of E64 in bovine cartilage explants (living
tissue), suggesting that it is a compensatory degrading effect from other proteases, like MMPs,
when cysteine proteases are absent to degrade the proteins. However, it could also be a masking
effect from the cysteine proteases that cleaves MMP-mediated CTX-II fragments further, and
thus masks the levels, which is actually degraded by the MMPs. Our study confirms that the study
by Sondergaard et al.12 must have been a compensatory effect, as we did not see any increase of
CTX-II by E64 in cytokine-stimulated bovine explants, in which the chondrocytes were
inactivated. If E64 should have conducted a masking effect in the Sondergaard12 study, our E64
should have been increased as well.
The present brief report will be followed by a thorough study with regards to the
dynamics of proteases in diseased and normal cartilage, and potential compensatory effects of the
different proteases herein. A complete understanding of the common molecular sequence of
events underlying the development of OA will expand our knowledge of the pathogenesis of
OA. These events will also contribute with important information to search for novel therapeutic
targets for the prevention and treatment of OA at the right time during the progression of the
disease.

Conclusions
Taken together, these experiments suggest that CTX-II, NBC2 and AGNx-II are released in part
by different proteolytic pathways in human OA cartilage. Furthermore, the presence and role of
endogenous proteases probably depend on the stage of OA, as we did not observe the same
release of biomarkers during inhibition of one type of protease, in normal versus cytokinestimulated and OA cartilage. Thus more investigation on this topic may have significant value for
development of new treatments for OA.
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CHAPTER 8

General discussion and conclusions
The main aim of this PhD project was to investigate the pathogenesis of OA with respect to
bone and cartilage and the importance of the cellular interactions between these two tissues.
One objective was to develop a pre-clinical model that can be used partly to
investigate the interaction between osteoblasts, osteoclasts, and chondrocytes, and partly to test
potential drugs for OA. This objective was successfully achieved by the development of the preclinical ex vivo model that included both subchondral bone and articular cartilage (fig. 13). Femur
heads isolated from 3- to 12-week-old female mice were cultured as explants. These femur heads
comprise a closed system, which are easy to isolate from their host without damaging the
explants. Furthermore, the use of different ages of mice in the model allowed us to monitor
changes simultaneously in both bone and cartilage, as the mice age. Hence, the femur head ex vivo
model has advantages compared to the cartilage ex vivo model (only cartilage). However, the
femur head model also has a disadvantage. Even though we characterized different ages of mice,
we were not able to mimic human mature articular cartilage. Mice are short-lived (compared to
human) and always in development, and therefore mimics immature cartilage. However, the
immature cartilage in the murine femur heads contains hypertrophic chondrocytes, which are a
hallmark of human OA, suggesting that this system could serve as an important disease model. It
is debateable whether the hypertrophic chondrocytes from human OA are the same hypertrophic
chondrocytes we see in the growth plate of growing mice.
The established novel ex vivo femur head model was used as a screening model, to
test prednisolone. Our results showed that prednisolone decreased cartilage degradation and
decreased the turnover of bone (fig. 13). We also tested the effects of prednisolone and
dexamethasone on bone or cartilage individually in other pre-clinical models, which confirmed
that GCs protect cartilage, but not bone. Additionally, GCs did not appear to affect the lifespan
and function of resting chondrocyte (fig. 13). These results suggest that the use of GC injections
for OA is not preferable without considering the damaging effects on bone. Data obtained from
this study also propose that the interaction between bone and cartilage is of less importance in
regard to GC-treatment.
Another objective was to gain greater insight into the proteolytic degradation
processes of pathogenic cartilage since cartilage degradation and subsequently loss of the tissue is
one of the hallmarks of the pathogenesis of OA. Loss of sGAGs from aggrecan is one of the first
steps in the pathogenesis of OA. We found that there are different molecular structured pools of
aggrecan that are degraded by different proteases (fig. 13), and we suggest that fully saturated
aggrecan molecules, which are normally found in normal cartilage, are preferentially degraded by
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aggrecanases. In contrast, MMPs primarily degrade low saturated aggrecan molecule. This
suggests that it may be favourable to target aggrecanases in early OA and MMPs in later stages of
OA.
We have also hypothesized that the endogenous proteases found in human OA
depend on the stage of disease. This assumption is based on the fact that MMPs, and probably
several other proteases, increase over time during the development of OA. However, the
importance of cathepsins in this relation is unknown. Thus we used biochemical markers to
assess the different endogenous proteases in normal vs. OA-cartilage. We found that CTX-II,
NBC2 and AGNx-II are released in part by different proteolytic pathways in human OA
cartilage. In addition, we suggest that the presence and role of endogenous proteases depend on
the stage of OA (fig. 13). Further investigations on this topic may have significant value for
development of new treatments for OA.

Figure 13. Schematic illustration summarizing the four papers. The figure shows a femur head divided in a
diseased and a normal half. The development of the whole femur head model is seen in PAPER I.
Glucocorticoids (GC) decrease the degradation of damaged cartilage, but do not affect normal cartilage. GCs
induce apoptosis in both normal and diseased bone (PAPER II). Aggrecan is divided in two different pools, with
different molecular structures, which are degraded by different proteases (PAPER III). Proteases vary between
normal and OA cartilage. Furthermore, the presence and role of endogenous proteases probably depend on the
stage of OA (PAPER IV). The figure was produced by Madsen, S.H.
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Future perspectives
One of the purposes for developing the femur head model was to investigate the cellular
interactions between bone and cartilage, although the GC-study did not provide evidence for
such an interaction between the two tissues. Evidently, this needs to be investigated in more
detail in the femur head model. In particular, it is not unlikely that some drugs may affect one
tissue directly, but impinge on another tissue indirectly, i.e., through the other tissue. If a
close coupling between cartilage and bone turnover exists, future treatment of OA most likely
need to restore or rebalance cellular communication in the joint. Otherwise, if the bone or
cartilage does not affect one another in the pathogenesis of OA, the optimal drug for OA
may be a cocktail of tissue-specific drugs.
Future studies could involve the
disassembly of the femur head explants in
bone and cartilage and compare fractions to
the intact femur head. In this way we may
be able to delineate how the drugs affect
bone and cartilage individually as compared
to the entire explants. In this regard, it would be critical to include femur heads from knockout mice, which lack the functional role of a specific cell type and/or signalling system in
order to investigate cellular crosstalk between the two tissues.
In line with our findings in the ex vivo femur head model, it is critical to investigate whether
hypertrophic chondrocytes in this model share similarities to cells in human OA. If the
hypertrophic chondrocytes have the exact same phenotype, it will increase the usefulness of
the ex vivo model in regard to mimicking human OA cartilage. If we find that the cells are not
exactly alike, we can use the ex vivo model to investigate the hypertrophic chondrocytes we
observe during development.
The present clinical use of intra-articular GC injections in OA knees, and the damaging
effects we find on bone by GCs in our study, highlights the importance of finding a
combination of drugs or a new GC, which do not have the detrimental effects on bone.
Thus, further studies using the novel femur head model could screen for potential drugs with
no detrimental effect on bone or cartilage.
Lastly, it is very important to understand the proteolytic processes of pathogenic cartilage in
order to developed new treatments for OA, which target the exact proteases that exert the
damaging effects at a given time during the pathogenesis of OA. We have already suggested
that it may be favourable to target aggrecanases in early OA and MMPs in later stages of OA.
However, more investigation on this topic is needed, especially in regard to investigate other
proteases than aggrecanases and MMPs, e.g., how important is the cathepsins in OA?
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Abbreviations
342-G2
374-G2
ADAMTS
AGNx-II
ALP
BMP
CC
COMP
CIIM
CTX-I
CTX-II
DEX
DMOADs
ECM
ELISA
E64
FDA
G1, G2, G3
GAG
GC
GH
GM6001
GR
HA
IGF
IHC
IL
mAb
M-CSF
MMP
MRI
NSAIDs
OA
OB
OC
ON
OPG
OSM
OVX
PBS
PICP
PIIANP
PIINP
PINP
PRED
PTH
RA
RANK
RANKL
sGAG
SD
TGF-β
TIMP
TNF-α
TRAP

MMP-mediated 342FFGV-G2 fragment from aggrecan
Aggrecanase-mediated 374ARGS-G2 fragment from aggrecan
Aggrecanase/A disintergrin and metalloproteinase with thrombospondin motifs
MMP-mediated 342FFGV-G2 fragment from aggrecan
Alkaline phosphatase
Bone morphogenetic proteins
Chondrocyte
Cartilage oligomeric matrix protein
Collagen type II
C-telopeptide of type I collagen
C-telopeptide of type II collagen
Dexamethasone
Disease modifying osteoarthritis drugs
Extra-cellular matrix
Enzyme-linked Immuno Sorbent Assay
Irreversible inhibitor of cysteine proteases
The US Food and Drug Administration
Globular domain-1, -2, and -3
Glycosaminoglycan, a proteoglycan
Glucocorticoid
Growth hormone
General MMP inhibitor
Glucocorticoid receptor
Hyaluronic acid
Insulin-like growth factor-1
Immunohistochemistry
Interleukin
Monoclonal antibody
Macrophage - colony stimulating factor
Matrix metalloproteinase
Magnetic resonance imaging
Non-steroidal anti-inflammatory drugs
Osteoarthritis
Osteoblast
Osteoclast
Overnight
Osteoprotegerin
Oncostatin M
Ovariectomy
Phosphate buffered saline
C-terminal propeptide of type I procollagen
N-terminal propeptide of type II procollagen, splice variant A
N-terminal propeptide of type II procollagen
N-terminal propeptide of type I procollagen
Prednisolone
Parathyroid hormone
Rheumatoid arthritis
Receptor activator of nuclear factor-ĸβ
Receptor activator of nuclear factor-ĸβ ligand
Sulfated glycosaminoglycans
Standard deviation
Transforming growth factor β
Tissue inhibitor of metalloproteinase
Tumour necrosis factor-α
Tartrate resistant acid phosphatase
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