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Abstract Osteoarthritis is one of the most common forms

of musculoskeletal disease and the most prominent type of

arthritis encountered in all countries. Although great efforts

have been made to investigate cartilage biology and

osteoarthritis pathology, the treatment has lagged behind

that of other arthritides, as there is a lack of effective

disease-modifying therapies. Numerous approaches for

dealing with cartilage degradation have been tried, but

enjoyed very little success to develop approved OA treat-

ments with not only symptomatic improvement but also

structure-modifying effect. In this review we discuss the

most recent findings regarding the regulation of cartilage

biology and pathology and highlight their potential thera-

peutic values.
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Introduction

Osteoarthritis (OA) is a progressive joint disease that is

characterized by the proceeding destruction of articular

cartilage by uncontrolled proteolysis of extracellular matrix

and typically leads to a remodeling of affected joints. As a

consequence, OA is associated with severe pain and

impairment and results in a significant reduction of the

quality of life. In addition to the individual burden, the

overall impact of OA for Western societies is enormous,

because OA is the most common form of arthritis and is

associated with high costs, which burdens the health sys-

tems worldwide, particularly governments and health

insurance companies. The National Arthritis Data Work-

group estimated the prevalence of osteoarthritis in the

United States to be 26.9 million individuals in 2005, which

constitutes an increase of nearly 30% as compared to the

previous 10 years [1, 2]. Importantly, the individual suf-

fering from OA and the socioeconomic impact of this

disease are in sharp contrast to our therapeutic options,

particularly with respect to early treatment and inhibition

of disease progression. Frustratingly, no significant pro-

gress has been made in the drug treatment of OA over the

last 20 years, with symptomatic pain relief and anti-

inflammatory treatment of flares being the major thera-

peutic principles. At the end stage of OA, the replacement

of joints by endoprotheses is mostly the last possible

curative approach [3]. Despite major advances in under-

standing cartilage biology, including extracellular matrix

and the metabolism of chondrocytes, key issues of the

pathogenesis of OA are still unclear. It has become obvious

that OA most likely is not a uniform disease, but a network

of mechanisms by which the cartilage responds to stress

[4, 5]. Also, inflammation, which has been considered a

secondary phenomenon, has been shown to contribute to

the perpetuation of disease [6–8]. However, research over

the last few years has not only identified key risk factors

including genetic predisposition as well as being over-

weight, metabolic factors, and mechanical stress, all of

which accelerate the processes leading to the degenerative

loss of cartilage [9, 10], it has also provided us with

important insights into pathways, that in some patients
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mediate a rapid disease progression, while result in stable

homeostatic cartilage balance in others [11].

This review will summarize the important aspects of our

current knowledge on cartilage physiology and pathology

with specific emphasis on cartilage degeneration as

observed during OA.

Cartilage biology

Different types of cartilage tissue are present throughout

the body at various sites. They are classified histologically

into hyaline, elastic, and fibrocartilaginous cartilage

depending on their molecular composition [12]. Hyaline

cartilage is the predominant form of cartilage and is

commonly associated with the skeletal system. Articular

cartilage belongs in this group and can be divided in into

four zones: the superficial zone, the transitional zone, the

radial zone, and the calcified cartilage zone, where the

cartilage interfaces with the bone [13]. These zones are

characterized by a distinct organization of the collagen

network, as well as by differences in the amounts and types

of proteoglycans. Type II collagen is the principal molec-

ular component in healthy articular cartilage, but collagens

III, VI, IX, X, XI, XII, and XIV all contribute in smaller

amounts to the mature matrix [14–16]. The main proteo-

glycan present in cartilage is aggrecan, which is a large

chondroitin sulfate proteoglycan. Other proteoglycans

found in cartilage include the syndecans and glypican, the

decorin, biglycan, fibromodulin, lumican, epiphycan, and

perlecan [17]. The chondrocytes are arranged in a zonal

stratification and embedded in the arcade-like network of

collagen fibrils intermingled with proteoglycans [16]. This

specific organization of articular cartilage and the embed-

ded chondrocytes results from complex developmental

processes in which the joints are formed during embryo-

genesis [18]. This process is called endochondral

ossification, and can be divided into four steps [19]:

chondrogenesis from early mesenchymal condensations,

chondrocyte differentiation and hypertrophy, mineraliza-

tion of the matrix and invasion of bone cells, and finally,

the definitive formation of bone. Chondrogenesis is the first

step in endochondral ossification and is based on strongly

regulated events that comprise condensation of mesen-

chymal chondroprogenitor cells, differentiation into

chondrocytes, and the patterning of chondrofying tissues

into skeletal structures. The composition of ECM changes

during the differentiation of mesenchymal cells into

chondrocytes. While the expression of collagen I decrea-

ses, chondrocytes start producing collagen II, IX, and XI as

well as aggrecan, link protein, and Gla protein [19]. This

composition of cartilage is largely retained in adult artic-

ular cartilage, which can be considered a remnant of initial

cartilage formation. In those parts of the embryonic carti-

lage in which cartilage is replaced by bone, chondrocytes

differentiate further. They become hypertrophic and as part

of their hypertrophic differentiation express collagen X.

With beginning bone formation, cartilage undergoes vas-

cularization by invasion of blood vessels from the

perichondrium [18, 19]. The extracellular matrix gets

mineralized in part by hypertrophic chondrocytes, and

later—during the formation of the definitive bone matrix—

through the coordinated action of mineralizing osteoblasts

and bone resorbing osteoclasts that migrate into the

remodeling cartilage.

In long bones, the process of endochondral ossification

is initiated separately in the mesenchymal interzone at each

prospective joint site [20, 21]. The interzone is composed

of a dense intermediate cell layer and two outer cell layers,

each facing the epiphyseal end of adjacent long bone

anlagen [21]. Bland et al. [22] have shown that the

development of articular chondrocytes derived from the

interzone layers. In this process, the outer interzone layers

mediate the initial lengthening of long bone anlagen by

appositional growth. In contrast, the articular chondrocytes

are mainly derived from the intermediate layer [23]. Fur-

ther studies also indicating different developmental origins

of articular, shaft, and growth plate cartilage are given by

Rountree and Koyama [24, 25]. However, the underlying

mechanisms and the specific developmental roles remain

poorly understood [26]. Understanding the specific mech-

anisms of chondrocyte differentiation during endochondral

ossification is crucial for studying cartilage degeneration

because several lines of evidence indicate that in the

pathogenesis of OA, similar mechanisms are involved in

the initiation and progression of disease.

Pathophysiology of cartilage in OA

OA is widely considered a degenerative disease that is

characterized by progressive structural changes in joint

tissues, principally in articular cartilage, but also in sub-

chondral bone, the synovial membrane, and the synovial

fluid. Articular cartilage fibrillation and erosions accom-

panied by chondrocyte proliferation and loss of matrix

proteoglycans, subchondral bone thickening, deformation

of the articular surface, osteophyte formation, synovial

intima cell hyperplasia, and synovial fibrosis are some key

features associated with OA. These changes result from an

incompletely understood but large series of functional

events [27]. Different factors, including cytokines, growth

factors and Wnts, have been identified to induce changes in

chondrocyte metabolism or mechanisms leading to matrix

degradation.
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Influence of cytokines on OA

The induction of the aforementioned phenomenon is partly

mediated by pro-inflammatory cytokines, which promote

changes of chondrocyte metabolism and phenotype and

lead to alterations of cartilage matrix structure. Among the

cytokines believed to play a role in the progression of OA,

IL-1b and TNF-a are known to be the predominant medi-

ators of inflammation [6, 28, 29], even though recent

attempts to block the action of either IL-1b or TNF-a have

failed to improve the disease progress. In OA cartilage,

they are expressed by chondrocytes and stimulate in an

autocrine and paracrine manner their own production [30,

31]. Furthermore, both cytokines affect the physiological

chondrocyte metabolism and favor an imbalance between

the catabolic and anabolic equilibrium via activation of

catabolic pathways [6, 8, 32]. IL-1b and TNF-a are capable

of inducing MMPs, aggrecanases, inducible nitric oxide

synthase (iNOS), cyclooxygenase 2 (COX-2), and reducing

synthesis of tissue inhibitor of metalloproteinases (TIMP)

[10, 33–39]. Moreover, the action of IL-1b and TNF-a is to

maintain and to promote the inflammatory process via

stimulation of IL-8, IL-6, nitric oxide, and prostaglandin

E2 (PGE2) production [29, 40–42]. Cytokines in this place

not only mediate inflammation but also contribute to

changes in chondrocyte phenotype and cartilage matrix

structure as discussed in the section ‘‘Changes in chon-

drocyte metabolism’’.

In addition to these inflammatory cytokines, cytokines

like growth factors have an important role in regulating

cartilage homoeostasis. Thus, it was shown that enhanced

levels of anabolic factors, including transforming growth

factor-b (TGF-b), fibroblast growth factors (FGFs), and

bone morphogenetic proteins (BMPs) trigger the matrix

production in different ways [43–45]. On the one hand, it

was shown that TGF-b 1, 2, and 3 trigger the matrix pro-

duction by stimulating the synthesis of type II collagen and

proteoglycan in cultured primary chondrocytes and in

cartilage explants [43]. On the other hand, various BMPs

stimulate the differentiation of mesenchymal precursors

into chondrocytes and promote the differentiation of

hypertrophic chondrocytes and are thereby capable of

increasing the synthesis of type II collagen and aggrecan by

articular chondrocytes in vitro [46–48].

Mechanisms of matrix degradation

The precise mechanisms of cartilage degradation are still

unclear, but a complex interplay of environmental, meta-

bolic, and biochemical factors has been proposed to be

responsible for the progressive loss of cartilage matrix in

OA. Abnormal mechanical loading and synovial inflam-

mation are only two factors contributing to dysregulation

of chondrocyte function (Fig. 1). They favor an imbalance

between anabolic and catabolic processes in chondrocytes

[30]. In early stages of OA, matrix-degrading enzymes are

Fig. 1 Key factors balancing

the anabolic and catabolic

pathways of the OA joint. A

dysregulation of chondrocyte

function leads to an imbalance

of anabolic and catabolic

pathways with enhanced matrix

degradation and calcification, as

well as reduced matrix

production. Anabolic

mechanisms are labeled with

green color and catabolic

pathways are marked with red
color
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overexpressed, resulting in a loss of matrix, in particular at

the cartilage surface. Subsequently, there is an increase of

water content in the matrix and a decrease of proteoglycans

and cleavage of collagen type II. Due to damages in the

structure of the collagen network, there is also a loss of

tensile strength in the cartilage and, thereby, altered bio-

mechanical properties of cartilage with a reduced stiffness

[5, 16, 49]. Chondrocytes try to compensate for these

effects by enhanced proliferation and synthesize of both

collagen type II (COL2AI) and proteoglycans [4, 30].

Notably, there appear to be significant differences between

the individual zones of cartilage. In the upper zones of OA

articular cartilage, expression of COL2AI is significantly

suppressed while collagen type III and fibronectin is

upregulated during the progression of matrix destruction

[50]. Thus, chondrocytes yield a different kind of matrix

structure, which is more susceptible to erosion and to loss

of proteoglycans [50, 51]. In contrast, the middle and

deeper zones exhibit a normal metabolism, producing

predominantly cartilaginous ECM molecules [30]. Though

the repair attempts by enhanced collagen type II and pro-

teoglycan production can stop progression of disease for

several years, particularly chondrocytes of the superficial

zone are unable to compensate fully for proteoglycan loss.

Finally, repair attempts are outmatched by degradation due

to the enhanced expression and activation of matrix

degrading enzymes, and complete loss of cartilage tissue is

the consequence [5].

The predominant proteinases responsible for the char-

acteristic matrix degradation in OA are matrix

metalloproteinases (MMPs) and aggrecanases [52–54].

MMPs belong to a family of zinc-dependent proteases that

are structurally and functionally related. It is known that

the activation level of MMPs correlates with the incident of

OA in human. Under physiological conditions, the activity

of MMPs is tightly regulated at several levels, including

transcriptional and post-transcriptional levels, in order to

maintain proper balance between anabolism and catabo-

lism. However, it has been shown that under the specific

conditions of early OA and during OA progression there is

an imbalance of MMP regulation towards enhanced

activity. Pro-inflammatory cytokines such as IL-1-b and

TNF-a stimulate the production of MMP-1, MMP-3, and

MMP-13 [28, 35, 55]. In addition, cyclic compressive

loading further increases MMP-2 and MMP-9 expression

and activity [56] and mechanical injury results in elevated

MMP-3 mRNA levels [57]. Once MMPs are released, tis-

sue inhibitors of matrix metalloproteinases (TIMPs)

regulate their proteolytic and biologic activity. TIMPs are

the major endogenous metalloproteinase inhibitors syn-

thesized by the same cells that produce MMPs. In non-

arthritic human cartilage, there is a small excess of TIMP

activity over MMP activity favoring a balance of ECM

homeostasis. However, in OA cartilage, the MMP-TIMP

balance is shifted towards MMP and, thereby, to an excess

of activated MMPs leading to cartilage degradation [58].

With respect to their expression profile in OA and their

functional properties, the groups of collagenases (MMP-1,

-8, and -13), stomelysins (MMP-3, -10, -11) and gelatin-

ases (MMP-2, -9) are considered as those with the highest

impact on OA cartilage breakdown [55, 59–61]. Members

of the collagenase family, mainly MMP-1, -8, and -13,

contribute to the pathological cleavage of collagen fibrils in

OA, since they have been described to cleave native

fibrillar collagen [38, 54, 55]. Although all these MMPs are

active on collagen fibrils, they are biochemically distinct.

MMP-13 is able to cause the distinctive collagen II

breakdown in OA [62], as it preferentially hydrolyses this

type of collagen and is about ten times more active on this

molecule than MMP-1 and MMP-8. Of note, it has been

demonstrated that MMP-13 also degrades aggrecan, giving

it a dual role in OA matrix degradation [63]. MMP-1 has a

higher specificity for type III collagen, whereas MMP-8 is

particularly active on type I collagen [64]. Hence, as the

fibrillar network in mammalian cartilage is made up of

primarily type II collagen [65], MMP-13 activity is dis-

cussed as pivotal for the collagen cleavage in OA. In

immunochemical analyses of human knee samples, colla-

genases have been shown to be elevated in arthritic carti-

lage, whereas no MMPs were identified in full-thickness

normal cartilage specimens [66]. Further evidence for an

association of MMP-1, -8, and -13 action and enhanced

ECM cleavage in OA is given by the observation that these

MMPs are predominantly observed in the superficial zone

of cartilage. As already mentioned, the superficial zone of

OA cartilage is distinct for significant degenerative matrix

changes. The expression of the other MMPs degrading

non-collagen matrix compounds is also elevated in human

OA cartilage. Although levels of both gelatinases (MMP-2

and -9) are enhanced in human OA cartilage, their

expression levels are below that of collagenases [33]. They

are capable of cleaving denatured collagen, gelatin, and

type IV and V collagen [33]. However, mouse studies

demonstrate that inhibition of MMPs, long thought as

effectors of cartilage degradation in OA, also provide

negative effects on cartilage homeostasis. This finding was

achieved using MMP-2 knockout mice in an antibody-

induced arthritis model, where even more severe clinical

and histological arthritis was observed than in wild-type

mice [65]. Using the MMP-9 knockout, it was shown that

these mice are also even more susceptible to OA compared

to wild-type mice [23]. The stromelysins have a substrate

preference for proteoglycans, elastin, laminin, and fibro-

nectin. Of the three members, MMP-3 is reported to be

increased in human OA cartilage [67] and it is of impor-

tance that in addition to cleave cartilage molecules,
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MMP-3 is one major enzyme associated with the activation

of other MMPs [33].

In addition to MMPs, aggrecanases are of particular

importance in cartilage turnover [68]. In contrast to colla-

genases, their main activity is against the proteoglycan

aggrecan, which is the main proteoglycan of articular

cartilage. Aggrecan is a large aggregating proteoglycan

that contains chondroitin sulphate and keratan sulphate

attached to a multidomain protein core. It aggregates by

binding to hyaluronan and this is further associated with a

separate globular link protein to form stable large-molec-

ular-weight molecules. Healthy cartilage requires a high

concentration of aggrecan to provide effective weight-

bearing properties. These properties are mainly due to the

high osmotic pressure of aggrecan molecules, because

aggrecan has a high density of negative-charged glycos-

aminoglycan chains [69, 70]. During OA, the loss of

aggrecan is an early event in the degradation of articular

cartilage and results in decrement of functional and struc-

tural ECM integrity followed by an irreversible loss of

collagens [71]. The (a disintegrin and metalloproteinase

with thrombospondin motifs) ADAMTS family of zinc

metalloproteinases comprises 14 currently known mem-

bers. All ADAMTS protein consist of an N-terminal

prodomain, a catalytic domain with a zinc-binding motif, a

disintegrin domain, and on the C-terminus, a cysteine-rich

domain, at least one thrompospondin motif and spacer

domains [72]. Of the ADAMTSs, ADAMTS-4 and

ADAMTS-5 have gained special attention as it has been

demonstrated that recombinant human ADAMTS-4 and

ADAMTS-5 are substantially more active against aggrecan

than the other members of the ADAMTS family [73].

ADAMTS-4 expression is stimulated by proinflammatory

cytokines IL-1b and TNF-a, whereas ADAMTS-5 is con-

stitutively expressed in chondrocytes [36, 74, 75]. In line

with the former results, a TNF-a blocker and an IL-1b
neutralizing antibody inhibited ADAMTS-4 expression by

human synoviocytes significantly without any alterations of

ADAMTS-5 expression, either alone or in combination

[76]. Interestingly, human recombinant ADAMTS4 has

higher rates of aggrecan cleavage than ADAMTS-5 [77].

This observation in combination with the expression profile

indicates that ADAMTS-4 might be more detrimental for

the health of cartilage. However, in mouse cartilage

explants, ADAMTS-5 is strongly stimulated by IL-1 with

no effect on ADAMTS-4 expression [74]. Further evidence

emphasizing ADAMTS-5 to be the major aggrecanase

in cartilage is given by studies with ADAMTS-4- and

ADAMTS-5-deficient mice. ADAMTS-5 knockout pre-

vents mice from cartilage degradation in both inflammatory

and in joint-instability model of arthritis [78, 79]. Not only

ADAMTS-5 knockout mice but also ADAMTS-5-resistant

aggrecan knock-in mouse, show protection from OA

development [78]. Thus, mainly ADAMTS-5 contributes to

cartilage destruction in mice; while it has to be determined

whether ADAMTS-5 is also the major aggrecanase in

human OA cartilage or whether ADAMTS-4 equally con-

tributes to the pathogenesis of human OA. In vitro studies

with human cartilage show that both ADAMTS-4 and

ADAMTS-5 are expressed in human OA cartilage and

contribute to ECM breakdown during disease progression.

Suppression of ADAMTS-4 and ADAMTS-5, individually

or in combination, with siRNA attenuate the degradation of

cartilage in cytokine-stimulated human cartilage explants

[52]. Hence, this study does not support a dominant role for

either of these enzymes in OA pathogenesis.

Changes in chondrocyte metabolism

Another, though far less well understood hallmark of OA is

the hypertrophic differentiation of articular chondrocytes

and subsequent functional events associated with this

differentiation. These include the perichondrocytic degra-

dation of the cartilage matrix by aforementioned proteases

but also cartilage mineralization. Cartilage mineralization

is of interest because recent data suggest that in human

osteoarthritis (OA), mineralization of cartilage is re-initiated

as part of the pathogenic changes associated with the

terminal, hypertrophic differentiation of diseased chon-

drocytes [80, 81]. While in healthy articular cartilage most

chondrocytes maintain a stable resting phenotype and resist

proliferation and differentiation, articular chondrocytes

from osteoarthritic joints form clusters by proliferating

more strongly and eventually develop hypertrophy, typi-

cally close to areas of mineralized cartilage matrix and near

sites of surface lesions [40, 82]. Recent evidence suggests

that hypertrophic chondrocytes in the growth plate and in

osteoarthritic cartilage share certain similarities, and that

the calcification of hyaline cartilage is a regular event in

human OA [81, 83]. One key finding linking chondrocyte

hypertrophy to similar mechanisms involved in endo-

chondral ossification is the expression of HIF-2 alpha

during both processes. It has been that HIF-2 alpha is the

most potent inducer of Col10A1 transcription activity,

thereby inducing hypertrophic differentiation [82]. It has

also been shown that HIF-2 alpha is capable of the

induction of different matrix degrading enzymes like

MMP-1, -3, -9, -12, and -13 as well as the aggrecanase

ADAMTS-4, which leads to an imbalance of anabolic and

catabolic factors favoring the catabolic side [84]. Another

phenomenon linking osteoarthritis with endochondral

ossification is the occurence of calcification. However, it

has to be mentioned that the calcification of matrix during

OA is of a different nosologic entity than calcification in

crystal-induced arthropathies such as chondrocalcinosis

[85, 86]. The mineralization of the matrix during OA
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surrounding late hypertrophic chondrocytes is due to the

deposition of basic calcium phosphate (BCP) [82, 87].

Hypertrophic chondrocytes release membrane-bound

matrix vesicles containing a specific combination of pro-

teins, annexins, phosphate transporters, and phosphatases

which provide the nucleation site for mineralization [81,

88]. Matrix mineralization of cartilage and vesicles is

dependent on alkaline phosphatase activity, which hydro-

lyses organic phospho compounds. Interestingly, type X

collagen, as a marker for hypertrophic chondrocytes, is

highly expressed in mineralizing growth plate cartilage and

several studies have suggested that the expression of type

X collagen is associated with mineral growth [82, 89, 90].

It is one key observation of the recent year that similar

processes are obviously initiated in human OA [81, 82].

The mechanisms that are involved in pathological cartilage

calcification during OA, and particularly the pathways that

link chondrocyte differentiation to the calcification of the

surrounding matrix, are not completely understood. How-

ever, changes in the synthesis and transport of inorganic

pyrophosphate (PPi) as well as altered extracellular PPi

(ePPi) metabolism have been associated strongly with this

process [81, 91]. High extracellular levels of Pi lead to an

increase in BCP generation and prevent generation of

calcium pyrophosphate dihydrate (CPPD) crystals. Under

physiological conditions, PPi potently suppresses the

deposition and propagation of BCP, and the maintenance of

relatively high extracellular PPi concentrations by chon-

drocytes is a vital physiologic mechanism to prevent

articular cartilages from calcifying [83, 92]. Based on the

observation that extracellular PPi is increased in articular

cartilage in direct association with OA, it has been sug-

gested that supersaturation of the extracellular matrix with

PPi along with alterations of the structure and composition

of the damaged OA matrix alters the solubility product of

PPi and Ca2? and ultimately leads to cartilage calcification

[83, 93, 94]. Although the underlying mechanisms are not

fully clear, three molecules have been identified as central

regulators of PPi metabolism: the tissue nonspecific alka-

line phosphatase (TNAP), which hydrolyzes PPi, the

multiple-pass transmembrane protein ANK, which medi-

ates intracellular to extracellular channeling of PPi, and the

nucleotide pyrophosphatase phosphodiesterase (NPP1),

which is encoded by the enpp1 gene and generates PPi

from nucleoside triphosphates. Interestingly, the deletion

of ANK in mice results in extensive joints, menisci, and

ligament mineralization, suggesting that extracellular

pyrophosphate acts as an inhibitor of mineralization [95].

This finding is supported by the finding of severe calcifi-

cations of cartilaginous tissue and aorta in mice and

humans carrying a mutation in the NPP1 gene [92, 96, 97].

In OA cartilage, IL-1 triggers the loss of a differentiated

chondrocyte phenotype by suppressing the expression of a

number of genes associated with differentiated phenotype,

including the ones for type II collagen and proteoglycans

[8, 98]. Additionally, in vitro treatment of chondrocytes

with IL-1 facilitates the production of BCP crystals and

calcification of the surrounding matrix, presumably by

downregulation of NPP1 expression [29]. This finding is

consistent with reports suggesting a contribution of

inflammation to the production of minerals like BCP and

CPPD during OA [93]. As previously noted, calcification

with BCP of articular matrix is an indissociable process of

OA and correlates with the expression of collagen X, a

hypertrophic chondrocyte marker [94]. Different crystals,

like MSU, BCP, and CPPD, are capable of mediating

cartilage degradation indirectly by inducing pro-inflam-

matory cytokines (IL-1, TNF-a), nitric oxide production,

MMP production, and activation and COX-1, COX-2, and

PGE2 production [82, 99, 100]. However, it is not clear

whether the crystals themselves induce these processes, or

the crystals are coated with proteins inducing these effects.

There is accumulating evidence that for example MSU

crystals have a high affinity of binding proteins and that

the coating of these crystals regulates the cellular response

[37, 101].

Mechanisms and mediators of cartilage regeneration

As noted in the guidelines of the American College of

Rheumatology, current medical therapies for OA largely

focus on symptom relief, in particular of pain [102]. Even

though they provide symptomatic benefit in a number of

patients, there is no treatment option available for slowing

down or even stopping the progression of cartilage

degeneration [103]. Thus, there is a dire need to improve

the options to treat localized cartilage lesions and degra-

dation of cartilage in OA.

Mechanisms of cartilage regeneration

A great deal of attention has been paid to the restoration

and repair of distinct cartilage lesions and defects, not only

as a healing attempt but also for a better understanding of

cartilage-regenerating approaches in OA. Such approaches

include the delivery of an efficient combination of bioac-

tive compounds to the site of injury to trigger, enhance, or

even substitute the intrinsic repair and formation of hya-

line-like cartilage. As cartilaginous defects constitute one

major risk factor for OA [104], such strategies would

ideally also slow down and prevent the development of OA

from such lesions. Currently, there are surgical approaches

to treat cartilage defects, such as microfracturing of the

subchondral bone, mosaicplasty, and the transplantation of

autologous osteochondral grafts [104], with a good track
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record after 2–9 years [105]. Nevertheless, further

improvement is necessary as these procedures largely lead

to the formation of fibrous tissue, chondrocyte death, and

further cartilage degeneration [106–108].

The observation of such fibrous cartilage repair, both in

men [105, 109] and in animal models [110, 111], along

with the demonstration of progenitor-like chondrocytes and

stem cells in the synovial membrane and other joint tissues

[112, 113], indicate the presence of intrinsic repair

mechanisms in articular cartilage. However, the fibrocar-

tilaginous tissue that results from these regenerative

attempts often does not restore the physiological structure

of normal articular cartilage showing that hyaline cartilage

has restricted capacity to heal [114, 115]. It appears that

there are some obstacles that prevent the restoration of

cartilage damage to functional hyaline cartilage, depending

on the injury model used, the animal model, and the

intra-individual differences. To understand these, a number

of animal studies have been performed. Prominent exam-

ples include histological analyses of full-thickness defect

healing in rabbits [107, 108, 116].

In these studies, full-thickness defects of articular car-

tilage are drilled. They span the entire depth of articular

cartilage and continue into the subchondral bone and bone

marrow space. The occurring local bleeding then serves as

the basis for spontaneous repair, as they facilitate the

invasion of different stem cell types from the bone-marrow

space, from adipose and vascular tissue and from bone

[107, 108, 112, 117]. In defect voids between 1 and 2 mm,

a blood clot fills the defect immediately, which consists of

fibrin molecules and various types of blood cells, in par-

ticular platelets [112]. Thereby, large quantities of growth

factors reach the site of injury [107, 108, 117]. Notably,

these fibrin molecules adhere to the surface edges in the

bony compartment, but only rarely to those of articular

cartilage. Later, the fibrin network serves to orient mes-

enchymal cell ingrowth along its axis, setting in after a few

days. Their occurrence results in resorption of the fibrin

clot and development of a vascularized, scar-like tissue

[107, 108, 112]. Between the days 10 and 14, these mes-

enchymal cells start to pass the stages of endochondral

ossification with progressive differentiation of cells to

chondroblasts, chondrocytes, and osteoblasts, laying down

cartilage and bone matrices in their appropriate location

within the repair tissue. However, instead of hyaline car-

tilage with its arcade-like organization of its fibers and the

zonal stratification of its chondrocytes, the collagenous

tissue generated during spontaneous repair is rich in flat-

tened fibrocartilaginous cells, generating a fibrous type of

cartilage with inferior mechanical competence [107, 108,

112]. Also, the newly generated cartilage does not firmly

adhere to and integrate into the native cartilage adjacent to

it [112, 117]. This is partly caused by the failure of

collagenous fibrils to project and to intermingle with the

surrounding fibril network. Considerably, there early traces

of degeneration in the newly synthesized cartilage have

been described which occur after 20–48 weeks and

advance over time [107, 108, 112]. Furthermore, the native

cartilage adjacent to the defect becomes necrotic over time.

The functional incompetence of the repair tissue, together

with the lack of integration into the surrounding cartilage,

may be one explanation for the poor outcomes of repair

processes. Nevertheless, it has been recognized that in a

number of studies there have been animals that showed

good to excellent histological repair in the absence of any

specific treatment [112] and these individual successes are

supported by data from some clinical studies in humans

[109, 112]. These findings suggest that inter-individual

variations of the response to cartilage defects contribute

crucially to efficacy or failure of repair processes. These

most likely include a diverse pattern of cells, growth fac-

tors, and cytokines, as well as the activation of distinct

signaling pathways.

Recent studies indicate that particularly morphogenetic

pathways are reactivated during the signaling response to

injury of adult human cartilage, which include BMPs,

FGFs, and Wnt [110]. Additionally, factors regulating

chondrocyte action in the growth plate remain important

mediators that regulate the metabolism and homeostasis of

mature articular cartilage [118, 119]. These observations

form a rationale behind the idea that the same growth

factor families that play a role in embryonic cartilage

development are also pivotal for the activation of repair

and morphogenesis of repair tissue. Consequently, a great

deal of interest has focused on these families of growth and

differentiation factors.

The TGF- and BMP- family

The TGF-b family consists of over 35 members and

includes TGF-b proteins and bone morphogenetic proteins

(BMPs). They play important roles in development and

homeostasis of various tissues regulating cell proliferation,

differentiation, apoptosis, migration, and extra cellular

matrix metabolism [120]. Activated members of the TGF-b
family interact with type I and type II receptors [121, 122].

Upon receptor phosphorylation, members of the Smad

family are phosphorylated, and the activated Smads asso-

ciate with Co-Smad and translocate to the nucleus where

they can act as transcription factors [122, 123]. Members of

the TGF-b family are considered potent stimulators of

chondrocyte proliferation and matrix homeostasis exerting

a beneficial anabolic or ‘‘repair’’ response on articular

cartilage. Application of TGF-b1 and -2 increases aggrecan

and collagen gene expression and prevent the loss of pro-

teoglycan in articular cartilage during experimental OA
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[123, 124], while blocking of TGF-b2 receptor leads to

enhanced proteoglycan loss and reduces the articular

thickness [125]. Interestingly, it has been reported that

members of the TGF-b family promote the differentiation

of MSCs to chondrocytes [126] and that TGF-b signaling

enhances repair of full-thickness cartilage defects by trig-

gering chondrocyte differentiation, improving integration

between repair tissue and adjacent native tissue and

inhibiting the activity of matrix metalloproteinases [127].

Despite such promising data, therapeutic studies with

TGF-b1 revealed major adverse effects. As shown by van

Beuningen et al. and Bakker et al., injection of TGF-b1 and

adenovirus-mediated delivery of TGF-b1 into a normal

murine knee joint resulted in joint fibrosis and osteophyte

formation [128] (Bakker 2001, #289).

Similar effects as for TGF-b have been observed for

several BMP molecules. Different BMPs have been shown

to stimulate chondrogenic differentiation of MSCs [129,

130], enhance the synthesis of type II collagen, and

aggrecan by chondrocytes in vitro [131]. It has also been

demonstrated that BMPs boost the healing response to

full-thickness defects of cartilage when combined with

microfracture [132] or when delivered locally by trans-

fected muscle-derived stem cells [133]. In the first clinical

trials with BMP as the therapeutic agent, the weekly intra-

articular injection of BMP-7 was capable of inhibiting

osteoarthritis progression in rabbits [134]. However,

because of the findings in clinical trials with TGF-b, which

belongs to the same protein family, it seems likely that

BMPs may also exhibit various side-effects when injected

into the joints.

The FGF-family

The human FGF family comprises 22 secreted glycopro-

teins, which exert their action trough four transmembrane

tyrosine kinases (FGFR1-4) [134, 135]. Cell surface hep-

aran-sulfate proteoglycans (HSPGs) are capable of binding

the liberated FGF, thus facilitating signaling in a paracrine

manner. HSPGs are also required for the interaction of

FGFs with FGFRs and contribute to the development of a

stable complex between FGF and FGFR. When two FGFR

molecules are recruited into the complex of FGF-HSPG,

they dimerize with autophosphorylation by intrinsic tyro-

sine kinase. Upon activation, FGFRs interact with multiple

single-transduction molecules, such as the ras-mitogen-

activated protein kinases, the phosphoinositide-3-OH

kinases (PI3K) and phospholipase C (PLC)c. Due to the

variety of potential downstream targets and the individual

unique signaling pattern of different FGF–FGFR com-

plexes, FGF signaling is complex and the effects differ

considerably between different cell tissues and cell types

[136]. However, it is widely assumed that FGFs display

diverse functions in development, homeostasis, injury

repair, and regeneration [135]. Thus, FGF–FGFR interac-

tion affects chondrogenesis and cartilage homeostasis by

regulating chondrocyte proliferation during the embryonic

and postnatal growth [44, 137]. Defining the specific

FGF–FGFR interaction responsible for chondrogenesis has

been difficult, as expression levels of ligands and receptors

overlap [138]. In growth-plates, FGFR1 is expressed

primarily by terminally differentiated chondrocytes and

osteoblasts whereas proliferating chondrocytes express

specifically FGFR3 [138]. As for the ligands, FGF-2 and

FGF-18 are discussed as prominent regulators of cartilage

homeostasis in adult tissue [138]. FGF-18 is shown to exert

anabolic effects in cartilage via activation of FGFR3. This

interaction leads to ECM production and cell differentia-

tion, while cell proliferation is inhibited. The role of FGF2

is controversial, as it is associated with both catabolic and

anabolic effects on adult matrix homeostasis. FGF2 action

is likely to be mediated by FGFR1, which leads to an

enhanced activity of matrix-degrading enzymes, inhibition

of matrix production, and increased cell proliferation.

Noteworthy, both FGFs are demonstrated to facilitate

repair of damaged cartilage in vivo. FGF2 released from a

carrier of fibrin sealant promotes healing of full-thickness

defects of the articular cartilage in rabbits [45]. Intra-

articular injections of FGF18 stimulates chondrogenesis

and cartilage repair in a rat model of injury-induced OA

[139]. Nonetheless, a cautionary note is merited regarding

the use of FGFs in cartilage repair strategies, as there are

contradictory observations in different in vivo and in vitro

studies, and variable effects of FGFs when comparing

different tissues of different joints [45, 140]. The com-

plexity of FGF signaling emphasizes the need for a better

understanding of FGF signaling, before FGFs are to be

used for clinical approaches.

The Wnt family of molecules

Members of the Wnt family regulate a variety of biological

processes, including embryonic development, body pat-

terning, tissue morphogenesis, and tumorigenesis [120].

During the last decade, studies reveal that Wnt signaling

also has an important role in many aspects of cartilage

biology. To date, 19 Wnt genes have been identified in the

human genome. Mostly Wnts act on target cells by bind-

ing to Frizzeld (FZD) receptor proteins and LRP-5/6

co-receptor proteins, which activate several signal trans-

duction pathways. The canonical Wnt pathway affects

cellular functions by regulation of b-catenin levels. In the

absence of Wnt activating the canonical pathway, b-cate-

nin is targeted for proteasome-mediated degradation by a

multi-protein complex comprising glycogen synthase

kinase 3b (GSK-3b) [141]. The presence of appropriated
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Wnt ligands leads to inhibition of GSK-3b and, thereby, to

b-catenin accumulation and translocation into the nucleus.

Within the nucleus, it acts in concert with Tcf/Lef

transcription factors [141]. The b-catenin-Tcf/Lef tran-

scriptional activity regulates expression of a various target

genes such as cyclin D1, c-jun, c-myc, E-cadherin, and

MMP-7, and MMP-26 [142]. Non-canonical Wnt signaling

is mostly a b-catenin-independent mechanism like the

Wnt/calcium and Wnt/JNK pathways in vertebrates and the

Wnt/planar cell polarity pathway (PCP) in flies [143].

There are several antagonists for Wnt signaling. One of the

best characterized families is the Dickkopf (Dkk) family

binding to LRP-5/6 and antagonizing canonical pathway.

Another antagonist is the secreted frizzled-related protein

(sFRP) family binding directly to Wnt ligands and inhib-

iting both canonical and non-canonical Wnt pathways.

Distinct components of Wnt signaling have been shown to

regulate chondrogenesis at the stage of mesenchymal

condensation and/or cartilage nodule formation. It is

described that Wnt4, which is expressed in developing

joints and cartilage, accelerates hypertrophy, whereas

Wnt5a which is expressed in perichondrium, prolongates

hypertrophy [144, 145]. A very recent report by Diarra

et al. stresses the role of Wnt signaling in the remodeling of

adult joint tissue, as they show that inhibition of the Wnt-

inhibitor Dickkopf-1 reverse a bone erosive RA pattern

into the bone-forming pattern of osteoarthritis [146]. The

work of Loughlin et al., which suggests that mutations in

the secreted frizzled-related protein 3 are linked to female

hip OA, also gives evidence for a role of Wnt signaling in

osteoarthritis and joint remodeling [147]. Another work

also shows that the knockout of Frzb in mice is associated

with increased cartilage loss in OA, due to increased Wnt

signaling and MMP-3 expression and activity [148]. Both

studies indicate a potential role of Wnt signaling in carti-

lage biology and repair.

Further evidence for a role of Wnt signaling is given by

microarray analysis of injured cartilage showing a striking

up-regulation of Wnt-16, nuclear accumulation of b-catenin,

and up-regulation of several Wnt target genes after acute

injury of cartilage or in OA [118]. Several Wnt members

have been implicated in both early and late skeletal

development by promoting chondrocyte proliferation and

hypertrophic maturation [149, 150]. However, there are

also Wnt members that inhibit chondrocyte differentiation

and maturation, such as Wnt-1 and Wnt-4. Additionally, it

has been shown that in particular, members activating the

canonical Wnt signaling induce ossification and suppres-

sion of chondrogenesis [150, 151]. Similar to these

contradictory observations, b-catenin is required for both

osteogenesis and chondrogenesis in adult tissues, but is

dispensable for chondrogenesis in embryonic development

[152, 153]. Collectively, the Wnt/b–catenin network is

suggested to have a dual role depending on several con-

ditions. Indeed, during embryonic development, the system

balances negative and positive influences on chondrogen-

esis, while it is implicated as a positive regulator during

postnatal development. Later in life, it also seems to con-

tribute to pathogenesis of joint conditions, such as OA

[150]. Overall, these results highlight the importance of

Wnt signaling for chondrogenesis but also emphasize the

need for a better understanding.

Disease-modifying approaches in osteoarthritis

Due to the small number of leukocytes in the synovial fluid

and the absence of systemic inflammation, OA is consid-

ered a primarily degenerative arthropathy. However, the

disease is frequently accompanied by inflammatory flares

[154, 155], and a variety of findings suggest that this

inflammatory process contributes at least to the progression

of OA [29]. Also, in different studies analyzing the effect

of mechanical injury, chondrocytes have been shown to

exert an increased expression of inflammatory mediators

and stress response factors [49]. Moreover, it is described

that a number of cartilage macromolecules in the synovial

fluid released after cartilage destruction have significant

inflammatory and immunogenic properties [29]. Therefore,

interfering with inflammatory mediators and pathways has

been one approach when designing novel strategies for the

treatment of OA.

Inhibition of inflammatory mediators

The impact of inflammation on disease progression sug-

gests that modulation of inflammation through its major

mediators, IL-1 and TNF-a, might have a value by reduc-

ing the catabolic imbalance in OA cartilage and preventing

degradation and alterations of articular cartilage matrix. In

treatment of RA, TNF-a and IL-1 antagonists are suc-

cessfully proven to be effective disease modifiers and are

already applied in the clinic [156, 157].

Initial in vitro studies with OA cartilage explants dem-

onstrated that the inhibition of IL-1 via IL-1-receptor

antagonist (IL-1RA) attenuated the production of MMPs

and other inflammatory mediators and reduced matrix

degradation, while significantly increasing synthesis of

type II collagen and aggrecan [28]. According to the in

vitro data, the intra-articular application of IL-1RA as well

as the in vivo transfer of IL-1RA gene into OA knee joints

has proved disease-modifying efficacy in dfferent animal

models as both have led to a reduction of cartilage

destruction [158–161]. Despite this favorable evidence

from in vitro and in animal models, current studies on the

inhibition of IL-1R in human OA indicate limited
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effectiveness of IL-1RA as DMOAD and are still scarce.

Although intra-articular injection of IL-1RA has improved

both pain and clinical outcome in an open-label, 12-week

safety study [163], it does not appear to have lasting

beneficial effects on the signs and symptoms of knee OA.

In two different multicenter, placebo-controlled, double-

blind, clinical trials in 2005 and in 2009, it was demon-

strated that intra-articular injection of IL-1RA is not

associated with improvement in OA symptoms compared

with placebo [164, 165]. Rather, there is at least some

evidence that IL-1 is required for normal cartilage

remodeling and homeostasis and that, therefore, inhibition

of IL-1 itself may do more harm than good [166, 167].

In contrast to rheumatoid arthritis, where several anti-

tumor necrosis factor alpha (TNF-a) have been approved as

disease-modifying drugs [157], only a few experimental

trials have assessed the efficacy of blocking this cytokine

for the treatment of OA. In a small, open-label study

concerning the effect of TNF-a antibodies in the treatment

of erosive hand OA describe only a modest, not significant

symptom improvement and just individual patients had

some benefit [168].

Inhibitors of cartilage degeneration

Based on the above data, it has been assumed that the

action of MMPs causes the loss of both collagens and

proteoglycans in the progression of OA cartilage degra-

dation. Thus, it is no surprise that modulation of MMPs as

cartilage-degrading enzymes has been a key strategy to halt

matrix degradation and, thereby, to gain disease modifi-

cation. As a consequence, a number of small-molecular-

weight compounds have been developed that can act as

selective inhibitors of proteolytic MMP activity. However,

biologic systems are sometimes much more complex than

predicted. A clinical report from a 1-year dose–response

study of the efficacy and safety of an oral MMP inhibitor in

patients with mild to moderate knee arthritis showed

increased incidence of musculoskeletal adverse effects

[169]. Also, there was no structure modification after

1 year of treatment, as no change in joint space width could

be detected. MMP-inhibitors have also failed in clinical

trials investigating their efficacy in other fields such as

cardiology and oncology [170–174]. These disappointing

results lead to the termination of most MMP inhibitor

trails.

Despite the unresolved question about the specific

importance of ADAMTS-4 and ADAMTS-5 in human OA,

a great deal of research has also focused on the develop-

ment and investigation of ADAMTS-inhibitors. TIMP-3

and a2-makroglobulin have been identified as potential

endogenous inhibitors of ADAMTS-4 and -5 [175]. How-

ever, their physiological relevance has to be further

evaluated. In 2007, the first specific ADAMTS-4 and -5

inhibitor has entered phase I clinical trial, which is about

drug safety and potential short-term efficacy. Actually, the

contradictory results of pre-clinical studies regarding the

importance of both ADAMTS in OA pathogenesis and the

early stage of clinical investigations stress the dire need for

research to be done on the pre-clinical and clinical site.

Only very recently the work of Echtermeyer Bertrand et al.

has strengthened the interest in ADAMTS-5 as a potential

target for OA [176]. In this study, it was demonstrated not

only that syndecan-4, a transmembrane heparan sulfate

proteoglycan, is induced specifically in hypertrophic

chondrocytes in OA. It was also shown that syndecan-4 is

crucial in regulating IL-1 induced expression of MMP-3

and ADAMTS-5 activity by targeting it to the cell surface.

Hence, these findings suggest that enhanced expression of

syndecan-4 is not only a distinct event during osteoarthritis,

but also seems to be pivotal to the disease process as it

directly affects the proteolytic activity. Of importance, it

was shown that loss of syndecan-4 in genetically modified

mice as well as intra-articular injections of specific synd-

ecan-4 antibodies protected mouse cartilage from OA

matrix-breakdown by limiting ADAMTS-5 activation.
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