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Abstract. Arthritic diseases cause enormous burdens in
terms of pain, crippling, and disability. Osteoarthritis
(OA), the most common form of arthritis, is characterized
by a slow progressive degeneration of articular cartilage.
The exact etiology of OA is not known, but the degrada-
tion of cartilage matrix components is generally agreed to
be due to an increased synthesis and activation of extra-
cellular proteinases, mainly matrix metalloproteinases.
Insufficient synthesis of new matrix macromolecules is
also thought to be involved, possibly as a consequence of

deficient stimulation by growth factors. Although OA is
defined as a noninflammatory arthropathy, proinflamma-
tory cytokines such as interleukin-1 have been implicated
as important mediators in the disease. In response to in-
terleukin-1, chondrocytes upregulate the production of
nitric oxide and prostaglandin E,, two factors that have
been shown to induce a number of the cellular changes
associated with OA. The generation of these key signal
molecules depends on inducible enzymes and can be sup-
pressed by pharmacological inhibitors.
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Osteoarthritis (OA) is the most common form of arthritis
[1-3]. Among North American and European adults
above 30 years of age, symptomatic disease in the knee
occurs in approximately 6% and symptomatic hip OA in
roughly 3 %. Since OA is a disease whose prevalence in-
creases with age, its frequency in the future will increase
as the proportion of the population above 70 years of age
is expected to rise dramatically. Because of its prevalence
and the frequent disability that accompanies the disease
in the knee and hip, OA accounts for more trouble with
daily life locomotory activities, such as climbing stairs
and walking, than any other disease. OA is the most com-
mon reason for total hip and total knee replacement. The
longevity of working careers and the substantial preva-
lence of OA in middle-aged persons causes considerable
burden in lost working time and early retirement.

Whether OA is a single disease or many disorders with a
similar final common pathway is unclear. OA can be de-
fined by symptoms or pathology. The pathology of OA in-
volves the whole joint in a disease process that includes
focal and progressive hyaline articular cartilage loss with
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concomitant changes in the bone underneath the carti-
lage, including development of marginal outgrowths,
osteophytes, and increased thickness of subchondral
bone. Soft-tissue structures in and around the joint are
also affected. These structures include synovium, which
may show modest inflammatory infiltrates, ligaments,
which are often lax, and bridging muscles, which become
weak. Many people with pathologic and radiographic ev-
idence of the disease have no symptoms. From a clinical
perspective, the most compelling definition of a disease
is one that combines the pathology with pain that occurs
during joint use. Unfortunately, neither the cause of pain
nor the exact etiology of OA is known. Most basic re-
search on the pathogenesis of OA has focused on the ar-
ticular cartilage. As a consequence, we mostly deal with
these aspects in this review.

Human articular cartilage is continually remodeled as a
consequence of anabolic and catabolic processes. The
chondrocytes in normal adult cartilage maintain a bal-
ance between synthesis and degradation of extracellular
matrix components. In OA, the metabolic activity of the
chondrocytes is shifted toward a state where new matrix
synthesis is outweighed by breakdown of matrix con-
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stituents. The result is degeneration and gradual loss of
articular cartilage.

OA is believed to be caused by a combination of factors.
Injury due to mechanical stress, although poorly under-
stood, is considered to play a predominant role during ini-
tial stages of the disease. Biochemical and genetic factors
are likely to contribute to the further progression. Upreg-
ulation of proteinase activities, particularly those of me-
talloproteinases (MMPs), has been implicated in the dis-
ease as the major cause of increased matrix catabolism.
The degradation of structural macromolecules like pro-
teoglycans (PGs) and collagens leads to depletion of the
most important building blocks of the extracellular ma-
trix. Under these circumstances, the absence of adequate
replenishment becomes a main issue. Many questions
concerning the control of anabolic processes remain open
and these are being given considerable attention in cur-
rent research.

OA, in contrast to rheumatoid arthritis, is defined as a
noninflammatory arthropathy. In OA, classical signs of
inflammation are absent, there is no marked infiltration
of inflammatory cells into joint tissues, and the synovial
fluid usually contains few neutrophils. Nevertheless,
much evidence supports the view that inflammatory
components are involved in the disease process. Cy-
tokines such as interleukin (IL)-1 and tumor necrosis
factor (TNF)-a can be detected in synovial fluid from
OA patients, and these synovium- and chondrocyte-de-
rived factors have been shown to promote the synthesis
of proteolytic enzymes and other catabolic or antiana-
bolic factors. Thus, increased knowledge of the meta-
bolic events that occur within and around chondrocytes
in response to proinflammatory cytokines will most
likely help to define potential targets for therapeutic in-
tervention.

Role of the chondrocyte in cartilage destruction

Chondrocytes represent the only cell type in hyaline car-
tilage. These cells are responsible not only for the gener-
ation of extracellular matrix during growth and develop-
ment, but also for the maintenance of tissue homeostasis
during adult life. The chondrocyte in mature articular car-
tilage exhibits virtually no mitotic activity and a very low
rate of matrix synthesis and degradation. However, chon-
drocytes even from old individuals are able to respond to
given stimuli by showing increased activity. In early OA,
structural changes in the extracellular matrix induce
chondrocyte proliferation (clonal growth), stimulated
collagen and PG biosynthesis corresponding to a repair
attempt, and an increased production of catabolic cy-
tokines and matrix-degrading proteinases.

Role of inflammation in osteoarthritis pathogenesis

Growth factors — insulin-like growth-factor-I

and the transforming growth factor-f superfamily
The anabolic activity of chondrocytes is enhanced by sol-
uble growth factors. Studies of articular cartilage in organ
culture demonstrated that chondrocytes are able to main-
tain the initial amount of PG and collagen over several
weeks if supplied with culture medium containing fetal
calf serum [4]. Withdrawal of serum from the system led
to decreased biosynthesis and net loss of PG. Insulin-like
growth factor (IGF)-I was identified as the serum factor
mainly responsible for the stimulation of PG biosynthesis
[5]. Further studies revealed that IGF-I can increase PG
synthesis also in the presence of IL-1 and TNF-a, and re-
duce cartilage degradation induced by these cytokines
[6]. In addition to its role as an anabolic factor, IGF-I acts
as a differentiation factor that promotes the reexpression
of cartilage-specific collagen II and aggrecan in chon-
drocytes that have been growing in a dedifferentiated
state [7]. Chondrocytes in human articular cartilage ex-
press IGF-I and the type 1 IGF receptor, indicating a lo-
cal function via autocrine/paracrine mechanisms. IGF-I
expression is significantly higher in OA than in normal
cartilage, and particularly high levels of expression are
shown by cells within areas of more advanced OA lesions
[8]. Furthermore, OA chondrocytes possess an increased
number of IGF receptors [9, 10], yet appear hyporespon-
sive to exogenous IGF-I [9, 11]. Changes in cartilage that
occur in OA have been suggested to be due in part to a
loss of IGF-I effects on articular chondrocytes. A possi-
ble mechanism involves the upregulation of IGF-binding
proteins [12—14].

Beside IGF-I, the members of the transforming growth
factor (TGF)-f family and the related bone morpho-
genetic protein (BMP) family are the most potent stimu-
lators of chondrocyte biosynthesis. Three isoforms of
TGF-p are known to exist in mammals, all of which are
expressed in articular chondrocytes [15]. TGF- induces
undifferentiated mesenchymal cells to express a chondro-
cyte phenotype [16]. Differentiated chondrocytes are fur-
ther stimulated by TGF-f, as demonstrated by the fact
that articular cartilage explants in serum-free culture
show increased PG biosynthesis and decreased PG degra-
dation in the presence of the growth factor [17]. In exper-
iments with isolated articular chondrocytes, however,
TGF-pB may act both as inhibitor and enhancer of biosyn-
thesis, depending on the culture conditions. TGF-f has
been shown to inhibit the synthesis of DNA, PG, and col-
lagen in primary chondrocyte cultures, and to stimulate
cells subcultured in monolayers with respect to the same
parameters [18, 19]. One possible reason for the appar-
ently conflicting results could be that the number of bind-
ing sites for TGF-p within the extracellular matrix varies
among different culture systems. This view is supported,
for example, by a study which showed that the ability of
chondrocytes to respond to TGF-f was eliminated in the
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presence of pericellular matrix that had formed during
preculture in alginate gel, but recovered after enzymatic
digestion of the pericellular matrix [20]. Molecules with
a potential to bind TGF-f and immobilize the growth fac-
tor within the extracellular matrix are the leucine-rich re-
peat glycoproteins, e. g., decorin and biglycan, that are se-
creted by chondrocytes, fibroblasts, and other matrix-
producing cell types [reviewed in ref. 21]. The possibility
that TGF-f and related growth factors are sequestered
within cartilage and released upon tissue damage offers
an interesting hypothetical mechanism in the modulation
of tissue repair activities.

TGF-B counteracts IL-1-mediated resorption in explant
cultures of porcine cartilage in vitro [22] and in mice with
experimentally induced inflammatory arthritis [23]. Re-
markably, transgenic mice with blocked TGF-f signal
function, either expressing a functionally inactive TGF-f
type II receptor [24] or with disrupted intracellular sig-
naling through Smad3 [25], develop a degenerative joint
disease resembling the OA condition in humans. These
observations suggest that impaired function of TGF-f
within joints is a possible cause of OA. On the other hand,
human OA cartilage has proved to be more sensitive to
TGF-p than normal cartilage in terms of stimulation of
PG synthesis in vitro [26] and TGF-p is relatively abun-
dant in the synovial fluid of OA and rheumatoid arthritis
patients [27]. Repeated injections of TGF-f into mouse
knee joints result in the formation of osteophytes on the
articular surface and cartilage lesions associated with PG
depletion as in OA [28]. Thus, the possibility indeed ex-
ists that an excessive TGF-f activity is responsible for
some of the pathological changes in OA.

The BMP family consists of at least 13 proteins. All of
them except BMP-1 belong to the TGF-f superfamily
[29]. The original identification of BMPs was based on
their ability to promote ectopic bone formation, but
BMPs are now known to be involved in many different
physiological processes and have regulatory functions in
the development and patterning of several different organ
systems during embryogenesis [29, 30]. Many BMPs
have been given alternative names, such as osteogenic
protein (OP) or growth and differentiation factor (GDF).
For example, BMP-7 and BMP-8 are identical to OP-1
and OP-2, respectively, BMP-12 is also called GDF-7,
and BMP-13 is both GDF-6 and cartilage-derived mor-
phogenic protein 2 (CDMP-2). Some of the BMPs have
been found to promote chondrogenesis and at least BMP-
2 [31], BMP-3/osteogenin, BMP-4 [32], and BMP-7/OP-
1 [33, 34] are potent stimulators of articular cartilage PG
synthesis in vitro. BMP7/OP-1 is effective in overcoming
the IL-1-induced downregulation of PG biosynthesis of
human articular chondrocytes in vitro [35].
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Proteinases: MMPs, ADAMTS

The capacity of chondrocytes to degrade constituents of
the extracellular matrix depends on their ability to synthe-
size and secrete proteinases (table 1). Under normal con-
ditions, controlled activity of these enzymes is necessary
for appropriate morphogenesis and tissue remodeling.
Regulation of proteinase activity occurs at three different
levels: synthesis and secretion, activation of latent en-
zyme, and inactivation by proteinase inhibitors. During
degenerative joint diseases, such as OA, the expression
and production of proteinases is increased. MMPs are
prominent and appear to play several important roles in
the pathological destruction of cartilage [36—38]. Analy-
sis of synovial fluid shows higher concentrations of
MMPs in OA patients than in healthy controls [39, 40].
The levels of the tissue inhibitor of metalloproteinases
(TIMP)-1 are also elevated in OA synovial fluid and cor-
relate with the MMP levels, possibly reflecting chondro-
cyte attempts to balance excessive proteinase activities.
Collagen in its native state can be cleaved by MMP-1 (in-
terstitial collagenase), MMP-8 (neutrophil collagenase),
and MMP-13, and this cleavage is thought to represent
the rate-limiting step in collagen degradation. The frag-
ments remaining after the initial cleavage by collagenases
become susceptible to degradation by other enzymes,
such as MMP-2 (gelatinase A), MMP-9 (gelatinase B),
MMP-3 (stromelysin 1), and cathepsin B. Of the three
collagenases, MMP-13 has assumed greater importance
in OA because it preferentially degrades type II collagen
[41] and its expression is markedly increased in OA [36,
37, 42]. Recent studies have shown that the enhanced
cleavage of type II collagen in cultured OA cartilage
samples is arrested in the presence of a selective collage-
nase inhibitor against MMP-13 and MMP-8, suggesting
that MMP-1 is not involved in cleavage of resident type II
collagen in OA cartilage [38, 43].

The enzymes responsible for aggrecan degradation have
recently attracted much attention. Amino acid sequence

Table 1. Proteinases involved in the degradation of cartilage ma-
trix.

Metalloproteinases
Collagenases MMP-1, MMP-8, MMP-13
Gelatinases MMP-2, MMP-9
Stromelysins MMP-3, MMP-7, MMP-10,
MMP-11
Membrane type MMP-14
Aggrecanases

Disintegrin and metallo-
proteinase type

Other proteinases
Elastase
Cathepsins
Proteinases of the
coagulation system

ADAM-TS4, ADAM-TS5

cathepsin B, D, G, L
tPa, uPA, plasmin
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analysis of aggrecan fragments in human synovial fluid
has defined two major cleavage sites in the aggrecan core
protein [44, 45]. Several of the MMPs can cleave at a
well-defined site between residues Asn341 and Phe342
[46, 47], whereas cleavage at the second site, between
residues Glu373 and Ala374, is a result of ‘aggrecanase’
activity [44, 48]. Cleavage at the two different sites pro-
duces different neoepitopes that can be detected using
specific antisera [49]. In chondrocyte cultures treated
with the catabolic agents IL-1 or retinoic acid, only
neoepitopes resulting from aggrecanase cleavage are de-
tected [48]. However, both MMP and aggrecanase
neoepitopes are found in human cartilage from normal,
OA, and rheumatoid joints [50]. Aggrecanase 1 and 2 are
members of a protein family called ADAMTS (a disinte-
grin and metalloproteinase with thrombospondin motifs)
which is distinct from the MMP family [51, 52].

Mediators of inflammation in OA

Inflammatory mediators including cytokines, prostanoids
and nitric oxide (NO) are generally agreed to induce car-
tilage degradation in disorders such as rheumatoid arthri-
tis [for reviews see refs. 53, 54]. The inflammation in that
case primarily takes place in the synovial membrane and
the destruction of cartilage is a secondary event. In non-
inflammatory arthropathies, such as OA, synovial cell re-
actions toward components released from cartilage into
the synovial fluid may contribute to disease progression
[55, 56], but the major pathogenic processes are localized
within the cartilage itself [57, 58]. Chondrocytes in OA-
affected cartilage display enhanced and coordinated ex-
pression of proinflammatory cytokines and inducible NO
synthase (iNOS), the enzyme responsible for NO produc-
tion [59]. Collectively, evidence is accumulating that me-
diators of inflammation acting in an autocrine/paracrine
fashion within the cartilage play a primary role in the
pathogenesis of OA [57—60].

Involvement of cytokines

Proinflammatory cytokines include the ILs, TNFs, inter-
ferons, and colony-stimulating factors. Although these
factors were identified originally as secreted products of
immune cells that modulate the function of other cells of
the immune system, many of them have effects on non-
immune cells like fibroblasts and chondrocytes. Among
the proinflammatory cytokines, IL-1f and TNF-a appear
most directly involved in the pathological processes of
OA [61]. The net effect of these two catabolic factors de-
pends not only on their absolute concentrations, but also
on the influence of modulating cytokines, e.g., 1L-6,
IL-8, and leukemia inhibitory factor (LIF), that are syn-
thesized in increased amounts when chondrocytes are
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stimulated with IL-18 or TNF-a [61-63]. Further cy-
tokines, IL-17 and IL-18, have recently been identified as
potent inducers of IL-1f and TNF-a as well as MMP-3
and iNOS in human articular chondrocytes [64, 65]. In
addition, some cytokines, e.g., IL-4, IL-10, and IL-13,
have been classified as antiinflammatory because they in-
hibit the activity of the proinflammatory cytokines in
vitro [66]. Hence, cytokine networks with a considerable
degree of complexity appear to influence the metabolic
state of chondrocytes. However, the exact roles of in-
flammatory cytokines other than IL-18 and TNF-a in the
activation and modulation of possible cascade reactions
have not yet been clearly established. Studies in animal
models have been used with the aim to gain insight into
the pathogenesis of OA, and the major conclusions so far
have been that the cartilage destructive process is mainly
IL-1 driven, whereas TNF-« is involved in the onset of
arthritis, and that direct generation of IL-1 may also oc-
cur in the complete absence of TNF-a [for reviews see
refs. 67, 68].

OA cartilage exhibits strong intra- and extracellular stain-
ing for IL-1p within the superficial zone when examined
by immunohistochemistry [37, 59]. The biological activ-
ity of IL-18 in OA tissue is further enhanced by different
mechanisms, including an increase in the number of IL-1
type 1 receptors on chondrocytes [69], a relative decrease
in the synthesis of the natural receptor antagonist IL-1Ra
[70], and an increase in IL-13-converting enzyme that ac-
tivates the inactive precursor form of IL-18[71].

Chondrocyte responses to inflammatory cytokines
As evidence has accumulated that proinflammatory cy-
tokines are important in the pathogenesis of OA, a large
number of in vitro studies have been carried out to exam-
ine in detail the influence of these factors on chondro-
cytes. IL-1 has been found to induce catabolic responses
in many different ways. Human articular chondrocytes,
when stimulated by IL-1, dramatically increase the ex-
pression of matrix-degrading proteinases like MMP-1,
-2,-3,-7,-8,-9,and -13 [37, 42, 72—74]. Moreover, IL-1
strongly inhibits biosynthesis of cartilage PG and colla-
gens [75, 76]. Relatively little is known about the intra-
cellular events following IL-1 receptor activation in chon-
drocytes, but the mitogen-activated protein kinase
(MAPK) signal transduction pathway is involved. IL-1
activates all three of the MAPK subgroups — ERK, JNK,
and p38 [77, 78].

Recent studies have drawn attention to two mediators that
are locally produced at sites of inflammation: NO and
prostaglandin E, (PGE,). These factors are released if iso-
lated chondrocytes are stimulated with cytokines
[79-82]. In response to IL-1p, chondrocytes upregulate
the enzymes that are critical for the synthesis of NO and
PGE,, i.e., iNOS and cyclooxygenase-2 (COX-2) [74,
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Table 2. Spontaneous release of nitrite by chondrocytes from OA-
affected and normal cartilage.

Organ cultures Alginate beads

(nmol NO; (nmol NO;
per g wet wt.) per 107 cells)
OA chondrocytes
Culture day 1 35-220 10-15
Culture day 8 15-70 <5
Normal
Culture day 1 15-70 <5
Culture day 8 5-40 <5

Articular cartilage from four OA-affected patients and three healthy
controls was cultured as 2—3-mm explants in Ham’s F12/DMEM
medium containing 10 % fetal calf serum. In parallel, chondrocytes
were isolated from cartilage samples and cultured in alginate gel
under the same conditions. Medium was changed daily. NO pro-
duction was measured as accumulation of nitrite in 24 h-condi-
tioned medium, using modified Griess reaction in microplate for-
mat [79].

96]. Expression of NOS and COX-2 is significant in OA-
affected cartilage but low or absent in normal articular
cartilage [59, 83].

As a consequence, OA chondrocytes cultured in vitro
spontaneously produce detectable amounts of NO during
the initial culture period of time (table 2). Effects of en-
dogenous NO and PGE, can be examined in cell or tissue
culture systems using synthetic enzyme inhibitors such as
NG-monomethyl-L-arginine (L-NMA) for NOSs and in-
domethacin for COXs. Hence, endogenous NO has been
shown to suppress biosynthesis of proteoglycans [84, 85]
and, at least in lapine chondrocytes, inhibits collagen II
formation [86]. Furthermore, NO is able to induce chon-
drocyte apoptosis that occurs in OA [87—-89]. In an ex-
perimental model of OA in dog, the administration of a
selective iNOS inhibitor reduced the degenerative
changes, strongly supporting that NO is primarily a cata-
bolic mediator in cartilage [90]. With respect to PGE,,
the net effect on chondrocytes is less clear. On the one
hand, catabolic effects like antiproliferative and proapo-
ptotic effects have been reported [91], as have stimulation
of MMP-3 synthesis and inhibition of TIMP-1 production
[92]. On the other hand, PGE, may act in an anabolic
fashion to increase production of collagen and PG in
cartilage via an autocrine feedback loop involving IGF-I
[93, 94].

We have found the alginate suspension cell culture sys-
tem useful for studying the influence of different factors
on chondrocyte properties in general and the synthesis
and turnover of PGs in particular [95]. Chondrocytes
grown in alginate maintain the phenotype over several
months and the cell-associated matrix formed is appar-
ently very similar to native cartilage matrix in its compo-
sition [96, 97]. A dose-dependent inhibition of PG
biosynthesis in response to IL-1f can be readily demon-
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Figure 1. Effect of human recombinant IL-1f on the biosynthesis
of sulfated proteoglycan by human articular chondrocytes cultured
in alginate beads. Chondrocytes were isolated from macroscopi-
cally normal cartilage from organ donors with no history of joint
disease, and from cartilage specimens from patients with OA un-
dergoing total joint replacement. Isolated cells were encapsulated in
1.2% alginate at a density of 4 x 10° cells/ml [95]. Incorporation of
3S-sulfate into macromolecules was determined after treatment for
3 days with different doses of hrIL-1p. Each curve represents the re-
sults of one typical experiment, with data expressed as the mean
+SD (n=3) for each concentration. The sulfate incorporation rate
of normal chondrocytes in the absence of IL-1 was notably con-
sistent among different experiments. Chondrocytes from four dif-
ferent donors between 30 and 55 years of age, labeled with 50 pCi/
ml for 16 h, produced a sulfate incorporation rate corresponding to
4689 + 72 cpm/h per bead. By contrast, chondrocytes from six dif-
ferent OA cartilage samples showed a high degree of variability,
with a mean sulfate incorporation rate corresponding to 2642 +
1213 cpmv/h per bead.

strated in this culture system. In isolated OA chondro-
cytes, the basal proteoglycan biosynthesis rate is lower
and more variable than in normal human articular chon-
drocytes (fig. 1). The reason for this is still elusive. One
hypothesis could be that the expression of IL-Ra is low-
ered in OA chondrocytes. However, data from studies in
other culture systems suggest that IL-1p-induced down-
regulation of IL-Ra is mediated by NO, and that inhibi-
tion of PG biosynthesis by indomethacin does not have an
effect on IL-1Ra synthesis [70]. In contrast, we find that
the decreased PG biosynthesis in OA chondrocytes is
partially restored in the presence of indomethacin,
whereas L-NMA inhibition of iNOS has no significant
effect (fig. 2).

There is firm evidence that the strong inhibition of PG
biosynthesis in response to IL-1 in human chondrocytes
is partially dependent on NO production [85]. However,
with respect to PG degradation, the role of NO is not that
clear. Indeed, we observe a significantly enhanced catab-
olism of newly synthesized PG if NO synthesis is blocked
in both alginate and organ cultures [98]. This effect is
possibly a result of iNOS/COX-2 cross-talk in which NO
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Figure 2. Effect of L-NMA and indomethacin on the biosynthesis of sulfated proteoglycans by human normal and OA chondrocytes cul-
tured in alginate beads in the presence or absence of IL-13. Chondrocytes were isolated and cultured as described in the legend to figure
1. 33S-sulfate incorporation into macromolecules was determined after culture for 3 days in the presence or absence of hrIL-13 (500 pg/ml),
L-NMA (1 mM), and indomethacin (2.8 pM). Data are expressed as percent of control (mean + SD, n=3), with the control representing
untreated normal chondrocytes (filled bars) or OA chondrocytes (open bars).

suppresses formation of PGE, [83]. However, recent
studies employing a dog OA model indicate that a syn-
thetic iNOS inhibitor prevents the expression of COX-2
among other inflammatory factors [99]. Most likely, a
combination of further in vitro and in vivo studies with
iNOS inhibitors will be necessary to gain insight into the
complex role of NO in cartilage metabolism and in OA
patients.
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