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Abstract
Intact human adult articular cartilage is central for the
functioning of the articulating joints. This largely depends
on the integrity of its extracellular matrix, given the high
loading forces during movements in particular in the
weight-bearing joints. Unlike the first impression of a more
or less static tissue, articular cartilage shows – albeit in the
adult organism – a slow tissue turnover. Thus, one of the
most important questions in osteoarthritis research is to
understand the balance of catabolic and anabolic factors in
articular cartilage as this is the key to understand the biology
of cartilage maintenance and degeneration.
Anabolic and catabolic pathways are very much
intermingled in articular cartilage. The balance between
anabolism and catabolism is titrated on numerous levels,
starting from the mediator-synthesizing cells which express
either catabolic or anabolic factors. Also, on the level of
the effector cells (i.e. chondrocytes) anabolic and catabolic
gene expression compete for a balance of matrix
homeostasis, namely the synthesis of matrix components
and the expression and activation of matrix-degrading
proteases. Also, there are multiple layers of intracellular
cross-talks in between the anabolic and catabolic signalling
pathways. Maybe the most important lesson from this
overview is the notion that the anabolic-catabolic balance
as such counts and not so much sufficient net anabolism or
limited catabolism alone. Thus, it might be neither the aim
of osteoarthritis therapy to foster anabolism nor to knock
down catabolism, but the balance of anabolic-catabolic
activities as a total needs proper titration and balancing.
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Anabolism and catabolism: A balance of articular
cartilage in the healthy – An imbalance in
osteoarthritic cartilage degeneration
Human adult articular cartilage is found as a whitish layer
covering the interosseus surfaces of joints. It is an
avascular and anerval tissue composed of a highly
organized and specialized acellular component, the
extracellular matrix, and a sparse cellular component, the
chondrocytes (for review see Aigner and McKenna, 2002).
Whereas the matrix is the functional component of
articular cartilage, the chondrocytes are responsible for
the homeostasis of this tissue.
The extracellular matrix of articular cartilage is
composed mainly of two components defining its
mechano-physical properties: the collagenous network
(mainly collagen types II, IX, and XI, but also other noncollagenous molecules) is responsible for the tensile
strength of the matrix and, therefore, of the cartilage; the
proteoglycans (mainly aggrecan) are responsible for the
osmotic swelling capacity and, thus, define the elastic
properties of the cartilage tissue. Together, both
components are able to dissipate mechanical pressure
imposed on localized areas within the joints to a much
larger tissue area, thus avoiding damage to localized
(actually loaded) cartilage sites. Besides its mechanical
importance, the extracellular matrix represents the microenvironment for the chondrocytes. The cells depend on
the interaction with this pericellular matrix in order to
keep their cellular phenotype stable. Also, the extracellular
matrix is a major storage place for growth factors and
possibly also for cytokines. These factors might be
released and become functionally active upon enzymatic
matrix degradation.
Unlike the first impression of a more or less static
tissue, articular cartilage shows – albeit in the adult
organism – a slow tissue turnover and remodelling (fig.
1). In foetal chondroneogenesis there is a significant net
synthesis of cartilage matrix. There is a clear imbalance
of matrix remodelling in favour of anabolism and, thus,
growth of the cartilage tissue. In the adult cartilage,
because of enzymatic activities and the mechanical stress
imposed onto the joints, molecular damage always occurs.
In normal circumstances this is compensated by the
turnover of the matrix components, predominantly of the
damaged proteoglycans. Thus, in normal adult articular
cartilage there is an equal balance between anabolism and
catabolism. If catabolism and molecular wear becomes
stronger than the anabolic activities and capacities of the
cartilage cells, the cartilage matrix degenerates and the
joint cartilage gets damaged (fig. 1). This degeneration is
known as osteoarthritis (OA). Depending on the
pathogenesis, OA is divided into primary OA – which
occurs without any known increase in damaging factors
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Bone morphogenetic proteins up-regulate anabolic
activity of chondrocytes
As delineated above, anabolism is vital for cartilage to
maintain its integrity – as the articular cartilage is subjected
to mechanical stress and constant (or increased) catabolic
proteolysis. Bone morphogenetic proteins (BMPs) are
considered to be among the most potent anabolic factors
for articular cartilage. They belong to the TGF-ß
superfamily. Since their discovery by Urist and Wozney
(Wozney et al., 1988; Yeomans et al., 1967) as factors,
which can induce ectopic bone formation, multiple
functions of BMPs in foetal development of the bone, the
cartilage, the kidneys and the neural system have been
identified (for review see Kishigami and Mishina, 2005).
Experiments with knockout mice for various BMPs
showed an embryonic lethal phenotype, or lead among
other defects to severe malformations of the skeleton. In
recent years experimental evidence accumulated that
BMPs are not only important for the development of the
articular cartilages, but are also present and active in the
adult articular cartilage. A joint-specific GDF5-CreLoxP
mouse model, which causes a knockout of the BMP
receptor 1a and, therefore, blocks the effects of BMPs,
showed severe OA after initially normal joint and cartilage
development (Rountree et al., 2004). This suggests at least
some importance of BMPs for the maintenance of adult
cartilage beyond initial cartilage and joint formation in
the embryonic period. Also, knock-down experiments
using BMP-7 antisense oligonucleotides reduced aggrecan
gene expression in adult cartilage and lead to proteoglycan
depletion of the cartilage matrix (Soeder et al., 2005) (fig.
2). These data further support an important role of BMPs
in cartilage homeostasis in the adult joint. In vitro, it has
been well demonstrated that BMPs enhance proteoglycan
and collagen type II synthesis (Fan et al., 2004b;
Flechtenmacher et al., 1996; Goldring, 2000), a feature

Fig. 1: Osteoarthritis exhibits an imbalance in cartilage
matrix turnover. The cells of the tissue (i.e. the
chondrocytes) represent the active players within the
process: they synthesize most of the matrix degrading
proteases and fully provide anabolic activity. Even
most of the anabolic and catabolic stimulatory factors,
many of them not yet fully identified, are synthesized
by the chondrocytes themselves in an auto- and paracrine manner.
(BMP: bone morphogenetic protein; IGF: insulin-like
growth factor; Il-1ß: interleukin 1ß; TNFα: tumour
necrosis factor α)
– and secondary OA that is the result of an obvious
condition, e. g. from multiple traumata, infections, synovial
inflammation, and bone conditions (bone infarction,
Paget’s disease).
The initial stages of cartilage damage are characterized
by a loosening of the collagen network and a loss of
proteoglycans starting in the superficial and upper middle
zones. This extends to deeper cartilage layers as the OA
joint degeneration progresses. This type of damage is at
least potentially reversible, also due to the possibility of
an effective turnover of the proteoglycans in the adult
tissue. After the loss of proteoglycans the now less elastic
cartilage is more susceptible to molecular damage of the
collagen network, which leads to the progressive
deterioration of the articular cartilage integrity. Overall,
this ongoing molecular destruction of the cartilage matrix
is mainly driven by an increased activity of now partly
identified proteases: the matrixmetalloproteinases (MMPs2, -3, -13, …) and the so called aggrecanases of the
ADAMTS-family of proteases (most likely ADAMTS-4
and -5). These enzymes are induced by catabolic cytokines
such as IL-1 or TNFα, but also by matrix degradation
products (Homandberg et al., 1998; Yasuda et al., 2002)
and other non-physiologic stimuli, which the cells are
exposed to. Recently, also epigenetic regulation of protease
expression was reported in osteoarthritic versus normal
articular cartilage (Roach et al., 2005).
Altogether, one of the most important questions in OA
research is to understand the balance of catabolic and
anabolic factors in articular cartilage, as this is the key to
understanding the biology of cartilage maintenance and
degeneration – and the basis of potential therapeutic
interventions to prevent or even delay or stop the
destruction process.

Fig. 2: Inhibition of BMP-7-dependent aggrecan
mRNA expression (a) / proteoglycan synthesis (b) in
adult human articular chondrocytes by BMP-7antisense treatment (AS1). Treatment with Sense
showed no reduction in mRNA levels. Values in the
control groups were defined as 100%.
(Reproduced with kind permission from Soeder et
al., 2005.)
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backed up by in vivo experiments (Glansbeek et al., 1997;
Van Beuningen et al., 1998). Also, BMPs are thought to
support the cellular phenotype of articular chondrocytes
(Lackie, 1996; Sailor et al., 1996) and to counteract
catabolic agents such as IL-1: thus, BMP-7 was able to
counteract MMP-13 induction by IL-1ß in vitro (Im et al.,
2003).
At present, it is unclear which BMPs are present and
relevant in normal (and diseased) articular cartilage. So
far, BMP-2 and BMP-7 are the best characterized members
of the BMP protein family. Both show largely similar
effects on chondrocyte anabolism as well as phenotype
stabilization. In contrast to BMP-2, which appears to be
increased in OA cartilage (Fukui et al., 2003), BMP-7
activity is, however, down-regulated in this condition
(Merrihew et al., 2003a): whether this is one reason for
the enhanced cartilage degeneration in OA needs further
investigations.
Also unclear, at the moment, is whether OA
chondrocytes are anabolically insufficiently activated (e.g.
due to insufficient anabolic stimulation): in fact many data
point to the opposite. However, even if chondrocytes in
OA are generally anabolically hyperactive they are not able
to compensate for the pronounced catabolic events
occuring in OA cartilage, which ultimately destroy the
articular cartilage. Local reductions in matrix synthesis are
also found in the upper zones of osteoarthritic cartilage
(Aigner et al., 1997). Thus, with their ability to increase
matrix synthesis, BMPs could be at least potentially
provide a therapeutic principle to be used to adjust the
rate of synthetic activity of chondrocytes, in order to slow
down cartilage destruction.

potential major players in the destruction of cartilage matrix
components (Bau et al., 2002; Mengshol et al., 2000;
Richardson et al., 2000; Lefebvre et al., 1990). Besides its
direct effects IL-1 also induces other cytokines with
synergistic effects such as IL-6 and LIF (leukaemia
inducing factor) (Fan et al., 2004a; Bender et al., 1990;
Geng et al., 1996). IL-6 is in its effects similar to IL-1, but
shows an overall weaker potential to inhibit proteoglycan
synthesis (Guerne et al., 1999). It is needed for prolonged
proteoglycan suppression by IL-1 (Nietfeld et al., 1990)
and enhances MMP and aggrecanase expression and
activity in articular cartilage (Flannery et al., 2000; Kusano
et al., 1998). LIF, a protein belonging to a family of IL-6
related proteins, is also a suppressor of proteoglycan
expression in articular chondrocytes and is able to increase
MMP-13 production (Bell et al., 1995; Varghese et al.,
1999).
Besides the knowledge of the effect of IL-1 on cellular
gene expression and the understanding of the molecular
mechanisms of IL-1, signal transduction in chondrocytes
– including possible crosstalks – is increasingly important.
In particular, this can expose targets specifically to modify
adverse effects of IL-1ß without affecting the whole
spectrum of physiological function of this molecule within
intact cartilage, which might be functionally important –
as discussed below. These molecular mechanisms of IL-1
action have been studied extensively in other cell systems.
IL-1 acts through the three classical MAPK-signalling
pathways, namely ERK (extracellular signal regulated
kinase), p38, and JNK (Jun terminal kinase), as well as
NFkB (nuclear factor of kappa light polypeptide gene
enhancer in B-cells) (for review see Saklatvala, 2006) (fig.
3). Of interest, whereas IL-1ß can activate all four
pathways, the regulation of specific genes involves only a
subset of these and this to a variable extent. Thus, the ERKpathway appears to be particularly important for the
induction of other cytokines such as IL-6 and LIF (Fan et
al., 2004a), whereas ERK and NFkB together regulate
anabolic and catabolic genes such as collagen type II and
MMP-1 and -13 (Barchowsky et al., 2000; Mengshol et
al., 2000; Fan et al., 2006). The latter appears also to
implicate signalling through p38.

Interleukin-1 down-regulates anabolic and upregulates catabolic activity in articular chondrocytes
Cartilage integrity is not only influenced by anabolic
factors such as BMPs, but also by catabolic factors. One
of the most prominent catabolic cytokines, supposed to
play an important role also in OA, is the pro-inflammatory
cytokine interleukin 1 (IL-1) (Goldring, 1999; Goldring,
2000).
IL-1 is found at elevated levels in synovial fluids of
patients suffering from rheumatoid arthritis and – to a lesser
extent – of OA patients (Westacott et al., 1996). An
increased presence of IL-1ß in OA cartilage has been
reported using immunolocalization technology (Tetlow et
al., 2001). Although we could not confirm an increased
expression of IL-1 in OA chondrocytes by sensitive PCR
(Fan et al., 2004a), the reported data could still reflect an
increased presence of IL-1 protein in OA cartilage. IL-1
has multiple effects on articular chondrocytes: it downregulates the expression of the most abundant cartilage
matrix components aggrecan and collagen type II
(Goldring et al., 1988; Lefebvre et al., 1990; Richardson
et al., 2000) and, thus, counteracts the effects of anabolic
factors on matrix synthesis. Additionally, IL-1 is inducing
the expression of matrix degrading enzymes such as MMP1 (collagenase 1), MMP-3 (stromelysin 1), MMP-13
(collagenase 3) or ADAMTS-4 (aggrecanase 1), which are

Is IL-1 important for the homeostasis of articular
cartilage?
At first glance, IL-1ß seems to have only deteriorating
effects on the integrity of articular cartilage – due to the
down-regulation of anabolic genes and induction of matrix
degradation, but this picture possibly is not completely
true. A study of knockout mice, in which IL-1ß function
was abolished by inactivation of the IL-1ß gene itself or
indirectly by inactivation of the IL-1ß convertase (ICE) –
which is needed for IL-1ß processing – showed that these
knockout mice develop spontaneous OA at a higher rate
than the wild types (Clements et al., 2003). Though these
results are under debate (Glasson et al., 2005), an
interesting question is: what could be the molecular
mechanism for a potentially beneficial effect of IL-1 on
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articular cartilage? Recently, Sandell and colleagues were
able to show that IL-1ß and TNFα are potent inducers of
BMP-2 expression, whereas the anabolic cytokines TGFß
and IGF had no effect on the synthesis of BMP-2 (Fukui
et al., 2003) (fig. 4). Similar effects, though to a lesser
extent, were also described for IL-1 regarding BMP-7
(Merrihew et al., 2003b). Therefore, pro-inflammatory
cytokines such as IL-1ß might induce anabolic effects, at
least under some circumstances, physiologically as well
as in cartilage pathology.
What could be the physiological role of this IL-1-BMP
interaction in normal articular cartilage? It is intriguing to
speculate that this interaction might be involved in the
micromolecular repair of the extracellular matrix following
molecular microdamage either due to (over)loading or
enzymatic degradation. After inducing MMPs, which
digest and remove damaged matrix components and pave
the way for the deposition of new functional matrix
components, IL-1 would – in this scenario – induce a
compensatory anabolic activity of chondrocytes by an
induction of anabolic growth factors, namely BMPs.
Though this scenario still requires experimental
confirmation, these results suggest that at least under some
circumstances IL-1ß (and/or TNFα) might be helpful for
the cartilage to balance anabolic and catabolic effects in
order to achieve matrix homeostasis. It is also tempting to
speculate whether OA might be, at least in part, due to the
over-activation or dysregulation of such processes which
are, under normal conditions, helpful and possibly
necessary for maintaining cartilage integrity.

Fig. 3: Schematic representation of the IL-1 signalling
pathway and some of its interactions with the BMP/
TGFß-signalling cascade.
Recently, performing a yeast-two-hybrid screen for RSmads 1 and 5, we found another potential candidate
hinting at a cross-interaction of molecules involved in
intracellular signalling of IL-1 and BMPs: Jab1 (Haag and
Aigner, manuscript in preparation). Jab1 was originally
described as a co-activator of c-jun/AP-1 activity (Tomoda
et al., 1999), one major intracellular mediator of IL-1
activity. Jab1 interacts with c-jun and JunD (though not vjun and JunB) and enhances AP-1 activity by stabilizing
c-jun and JunD binding to the AP-1 complex (Kleemann
et al., 2000; Seeger et al., 1998). In our studies, we found
Jab1 to interact physically with BMP R-SMAD 5. This
binding resulted in an inhibition of BMP signalling. A
similar mode of action was previously described for Jab1
regarding Smad 4, which further confirms the potential of
Jab1 to modulate BMP-signalling.
Most likely, the so far characterized “cross-talks” in
between anabolic and catabolic signalling pathways are
only the “tip of the iceberg” and that there are numerous
other, so far unknown, interaction levels. It remains an
enormous task to define which of these potential
interactions is active in vivo and especially, which
interactions and interactors are relevant for OA
development and progression. If it is possible to define
these interactions they will provide potential key targets
for prevention and manipulation of catabolic/anabolic gene
regulation and therefore, the OA disease process.
Especially, it would be possible to address special adverse
effects of individual signalling cascades, allowing for a
minimum of side effects.

Intracellular crosstalk of BMPs and IL-1ß signalling
pathways
The effects of both anabolic and catabolic cytokines such
as BMPs and IL-1ß are mediated by different signalling
pathways within the cells. In the case of BMPs the main
components of the signalling pathway are the BMP
receptors and the R-Smads (receptor-associated Smads 1,
5 and 8) as well as other members of the Smad family (for
review see Massague et al., 2005) (fig. 5). Although, at
first sight, the BMP (Smad) and IL-1 (ERK-p38-JNK/
NFkB) pathways appear to be well separated, they are in
fact cross-linked in several ways: Thus, BMPs/TGFßs can
activate MAPkinases (namely p38) via Tak1 (TGF-ß
activated kinase) (Kimura et al., 2000; Sano et al., 1999).
Also, R-Smads can interact directly with target
transcription factor of the MAPK-signalling system, such
as the transcription factor c-Jun (Dennler et al., 2000), in
order to modulate gene promoter activity. On the other
hand, ERK-MAPkinases are able to phosphorylate RSmads in the linker region of these molecules. This
prevents their nuclear translocation after receptor activation
and thus, BMP signal transduction (Kretschmar et al.,
1997; Pera et al., 2003). Another example shown for
human articular chondrocytes, but known also from other
cellular systems (Bitzer et al., 2000), is the induction of
intracellular BMP-signalling inhibiting factors, namely the
I(nhibitory)-Smad 7 by IL-1 (Kaiser et al., 2004).
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Fig. 4: BMP-2 is induced in normal and osteoarthritic (OA) human articular chondrocytes by IL-1ß and TNFα
(a, b: cell culture; c: tissue culture).
(Reproduced with kind permission from Fukui et al. 2003)

and catabolic) gene classes and are, consequently,
influencing directly – by means of gene induction – this
anabolic-catabolic balance in articular chondrocytes.
Additionally, IL-1 more than BMPs, also down-regulates
many effector genes of its counterpart (thus, IL-1 is downregulating anabolic genes such as aggrecan and collagen
type II expression). In a next step, there are multiple layers
of intracellular cross-talks in between the anabolic and
catabolic signalling pathways, which are only in part yet
established.
For cartilage homeostasis, a balance between anabolism
(BMPs) and catabolism (IL-1) is necessary. This might
allow the cartilage to adapt to challenges occurring during
normal use of the joint. All this indicates how complex the
dynamics of matrix and tissue homeostasis is. Maybe the
most important lesson of this overview might be the notion
that it is the balance, as such, which counts and not so
much sufficient net anabolism or limited catabolism alone.

The anabolic – catabolic balance in articular
cartilage - Final remarks
Clearly, anabolic and catabolic pathways are very much
intermingled in articular cartilage, as exemplified in this
paper addressing IL-1 and BMP interaction. This anaboliccatabolic balance is titrated on numerous levels, starting
from the mediator-synthesizing cells – which express either
catabolic or anabolic factors – and ending up within the
extracellular matrix itself, with constant molecular
replacement and molecular destruction. Also, anabolic and
catabolic gene expression compete with each other to
provide a balance of matrix homeostasis: i.e. the more
aggrecan is synthesized, the more aggrecanase activity is
tolerable and even beneficial; the more aggrecanase is
active, the more aggrecan needs to be synthesized by the
articular chondrocytes in order to prevent matrix depletion
and destruction. IL-1 and BMPs do enhance both (anabolic
53
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Fig. 5: The BMP signalling pathway (a). Induced by the binding of BMPs to their specific membrane receptors the
BMP-specific receptor-associated R-Smad proteins (Smad 1, 5 and 8) become phosphorylated at specific sites at
their C-terminus. This allows the R-Smads to form complexes with the common Smad protein, Smad4, and to
translocate into the nucleus (see nuclear staining of Smad-5 (green) in c in contrast to b (both normal articular
chondrocytes; red: nuclear DNA)), where the activated Smad proteins can form further complexes with transcriptional
cofactors (coativators or corepressors). The exact composition of these complexes determines the nature of the
cellular response, which can range from proliferation and differentiation to cell death. The BMP signalling pathway
is negatively controlled by the inhibitory Smad proteins, Smad 6 and 7, which compete with the R-Smads for
interaction with the activated receptors and/or the common Smad4, thereby preventing the formation of activated
Smad complexes.

Central to the matter, might be the interwoven dynamics
of the anabolic-catabolic balance, possibly suggested –
most intriguingly – by the effects of IL-1 on articular
cartilage. A pure increase of anabolism and pure blockage
of catabolism might not be the ultimate goal of OA therapy.
Instead, the balanced anabolic-catabolic activities, as a
whole, might require proper regulation and balancing.
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Discussion with reviewers
M. Stoddart: It is known that human knee and ankle
articular cartilage behave differently in response to IL-1β.
Have you looked into these differences, or do you know
are any reason why these two similar tissues respond
differently?
Authors: This point is absolutely true and not only inbetween different joints, but also in-between different
individuals and ages. We, as all others, try mostly to follow
up the main lines of evidence. Still there is excellent work
presented by the Kuettner group (Chicago) showing clear
differences in between the knee and the ankle joints
regarding the responsiveness of cells to IL-1: the exact
molecular mechanisms are still not fully understood though
first progresses have been made (for review see Kerin et
al., 2002). We ourselves have never performed comparative
analyses.
Additional Reference
Kerin A, Patwari P, Kuettner K, Cole A, Grodzinsky A
(2002). Related Articles, Molecular basis of osteoarthritis:
biomechanical aspects. Cell Mol Life Sci 59: 27-35.
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