
HYPOTHESIS

Phenotypic modulation of chondrocytes as a
potential therapeutic target in osteoarthritis: a
hypothesis

T Aigner, J Dudhia

One central hallmark of osteoarthritic cartilage
degeneration is the loss of matrix molecules, in
particular proteoglycans. However, chondro-
cytes of osteoarthritic cartilage are generally
thought to be anabolically hyperactive. Thus,
in osteoarthritic cartilage degeneration, the
ongoing net loss of the cartilage matrix compo-
nents is attributed not to a lack of synthesis of
cartilage matrix molecules by the cartilage
cells, but to an increase in matrix catabolism by
most authors.1–3 In contrast, our in situ analysis
on the single cell level showed a suppression of
aggrecan and collagen type II expression in the
chondrocytes in the upper cartilage zone,
which is critical for the progression of the car-
tilage destruction. Phenotyping of the osteoar-
thritic chondrocytes in this zone furthermore
shows that the decrease in anabolic activity was
presumably not simply because of cell
deactivation, but may entail a specific cell
diVerentiation pathway taken by the osteoar-
thritic chondrocytes. Based on our in situ
analyses, we suggest a three step process of cel-
lular events as one central pathway during
osteoarthritic cartilage destruction. We con-
clude that stimulation of matrix anabolism via
rediVerentiation of osteoarthritic chondrocytes
may be a relevant goal in future therapeutic
approaches to osteoarthritic cartilage destruc-
tion.

Central observations
The functioning of articular cartilage is
dependent on its extracellular matrix, which is
synthesised and maintained by the cartilage
cells, the chondrocytes. The functional proper-
ties of cartilage matrix are mainly provided by
a network of type II collagen fibres4 and the
entrapped aggregates of the proteoglycan
aggrecan.5 The hallmarks of osteoarthritic car-
tilage degeneration are depletion of the matrix
proteoglycans, damage to the collagen
network, and finally, progressing matrix
erosion.3 6–8 Based on our own work and that of
others, we present a hypothesis for the basis of
progressive cartilage destruction, focusing on
the selective changes that occur in the different
cartilage zones.
Generally, osteoarthritic cartilage cells are

thought to be anabolically hyperactive

synthesising increased amounts of cartilage
matrix components such as collagens and
proteoglycan aggrecan.6 9–14 These, mostly
biochemical, studies were based on an overall
measurement of chondrocyte behaviour of the
whole osteoarthritic cartilage and were not
able to detect diVerences between cells of
diVerent cartilage zones. Our in situ analysis on
the single cell level confirmed the overall
increase in anabolic activity of the
osteoarthritic chondrocytes compared with
normal specimens (fig 1B, C) in terms of
increased mRNA expression of the major
extracellular matrix components, in particular
collagen type II (fig 1G, fig 2B) and to a lesser
extent aggrecan (fig 1F).15 16 However, the
hyperactivity of matrix synthesis was restricted
to the chondrocytes of the middle and deeper
zones of osteoarthritic cartilage, where the
extracellular matrix was histochemically still
intact and no major loss of proteoglycan was
detectable (fig 1E). More importantly,
chondrocytes in the upper zones of
osteoarthritic cartilage showed considerably
less or no expression of collagen type II and
aggrecan (fig 1F, G, fig 2B). This is in
agreement with a previous [SO4] incorporation
study, which also found reduced proteoglycan
synthesis in the upper zones of osteoarthritic
cartilage.17 The upper zone of osteoarthritic
cartilage does not, of course, correspond to the
superficial zone of normal articular cartilage,
which is eroded in advanced disease. Thus, in
the area of progressing proteoglycan loss (fig
1E) and collagen network destruction,
chondrocytes are found to be in a state of
hypoactivity, not hyperactivity.18 This explains,
at least in part, the loss in proteoglycan content
in this zone, if one assumes that the diVusion
capacity of aggrecan monomers is limited and
increased synthesis in one zone cannot
compensate for the synthetic failure in other
zones.
It is noteworthy that in many samples a tran-

sitional zone was seen, in which there was a
normal pattern of proteoglycan staining in the
pericellular region, but not in the interterrito-
rial matrix (fig 1E). Whether this indicates
increased proteoglycan degradation, which is
no longer compensated by cells still actively
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synthesising aggrecan, or merely reflects the
fact that in the case of decreased proteoglycan
synthesis the interterritorial proteoglycan con-
tent decreases first needs further investigation.
The hypoactivity of the upper osteoarthritic

chondrocytes does not result from necrosis of
the cartilage cells as demonstrated by the pres-
ence of cellular 18S rRNA (fig 1H) and mRNA
in these cells.15 16 To understand the underlying
mechanisms of the ongoing cellular events we
have phenotyped the osteoarthritic chondro-
cytes using collagen gene expression as well
established markers of chondrocyte diVerentia-

tion in vivo and in vitro.19–22 DiVerentiated
chondrocytes are known to express collagen
types II, IX, XI, and aggrecan, while
dediVerentiated chondrocytes express mainly
collagen type I collagen besides some type III
and V collagens, and hypertrophic chondro-
cytes are marked by the expression of collagen
type X. Again, at the mRNA and protein level,
we could demonstrate the expression of
collagen type III (fig 2C, G) in the upper zone,
where the chondrocytes switch from metaboli-
cally highly active cells to cells that no longer
contribute to matrix balance.23 The uppermost

Figure 1 In situ hybridisation analysis of normal (A-D) and osteoarthritic (E-H) cartilage specimens using RNA probes
specific for the major extracellular matrix proteins of articular cartilage, aggrecan core protein (B,F), and collagen type II
(C,G). Chondrocytes of normal articular cartilage from all specimens showed no significant expression of collagen type II
mRNA (C), but significant levels of aggrecan core protein mRNA in most cases (B). In contrast, analysis of osteoarthritic
cartilage showed a strong activation of the expression of collagen type II mRNA in the middle and upper deep zone
chondrocytes in all samples (G). Aggrecan mRNA expression was, in comparison, much less increased in these cells (F)
compared with the normal specimens. Thus, mRNA analysis showed osteoarthritic chondrocytes to be hyperactive in the
middle and deeper zones of cartilage compared with normal specimens.Most importantly however, in the upper zone
chondrocytes in most of the osteoarthritic specimens, no expression of either protein was observed (F,G). Coincidentally with
this area, loss of proteoglycan staining was seen (E). The upper inactive chondrocytes were not necrotic as shown by strong
signals for 18S rRNA (H). (A,E: toluidine blue; B-D,F,G: dark fields; A-D: femoral head, 68 years,Mankin´s grade 1,
female; E-H: femoral head, 69 years,Mankin´s grade 4, female; exposure time: B-D,F: three weeks; G: four days;
A-H:original magnification × 140; the chosen exposure times were optimal. Longer exposures, did not increase the number
of positive cells nor improve the signal to noise ratio).Methods (figs 1 and 2): 11 normal specimens from necopsies and
amputations for cancer (age range 45 to 79 years) and 32 osteoarthritic cartilage slices (hip and knee replacement
operations for late stage osteoarthritis; age range 52-78 years) were fixed with 4% paraformaldehyde, decalcified, and
embedded in paraYn wax. Toluidine blue and safranin O stainings were performed to estimate the content of
proteoglycans.41 The samples were classified and graded according to Mankin et al.6 Specific 35S-labelled RNA probes for
human collagen chains á1(I), á1(II), á1(III), á1(X), and aggrecan core protein were prepared and in situ hybridisation
performed as described elsewhere.21 25 The riboprobe for 18S rRNA (H) was digoxigenin labelled and detected according to
the manufacturer’s protocol (Boehringer,Mannheim,Germany). Control experiments: the specificity of the cDNA probes
was ascertained by computerised homology search and in situ hybridisation experiments in the fetal growth plate.21 Sense
transcripts were used as non-specific negative controls and did not give signals above background (D).
Immunohistochemistry: deparaYnised sections were pretreated with testicular hyaluronidase and pronase. Primary
antibodies were incubated for one hour and visualised using alkaline-phosphatase-labelled secondary antibodies. Nuclei
were counterstained with haematoxylin. Polyclonal rabbit antisera against human type I collagen and monoclonal
antibodies against type X collagen were prepared as described elsewhere.27 42 Monoclonal antibodies against type II collagen
(CIID3) were kindly provided by Dr R Holmdahl (Uppsala, Sweden43). Polyclonal antibodies against type III procollagen
were kindly provided by Dr Günzler (Frankfurt, Germany).
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chondrocytes often did not show the
expression of collagen types I, II, III, or X (fig
2A-D). This diVerentiation pattern contrasts
with the established modulations of the
chondrocyte phenotype in vivo and in vitro,
because so called ‘dediVerentiated’ chondro-
cytes express mainly collagen type I19 24 and
‘hypertrophic’ chondrocytes express collagen
type X.25 26 Neither of these were expressed by the
osteoarthritic chondrocytes in the upper ormiddle
zones in our specimens (fig 2A, E,D,H). 23 27

Hypothesis
In situ analysis on the single cell level provides
strong evidence that, although at first sight
osteoarthritic cartilage degeneration seems to
be a confusingly heterogeneous process,
general rules can be established. Our
hypothesis (fig 3), based on our studies and
that of others, suggests a three step evolution of
cellular events as one central feature during the

osteoarthritic cartilage destruction process: (1)
An increase of collagen type II and aggrecan
synthesis. (2) Modulation of the chondrocytic
phenotype with the expression of atypical gene
products such as collagen type III. (3)
Suppression of aggrecan core protein and col-
lagen type II (and III) mRNA expression with
subsequent quantitative loss of aggrecan
molecules from the extracellular matrix. This
results in an increase in the stress applied to the
collagen network,28 thus promoting its destruc-
tion and thereby further loss of proteogly-
cans.28 Physical damage to the collagen
network occurs leading to fissuring and
complete destruction of the cartilage matrix
and cells. This process may begin in the super-
ficial zone and progresses to the middle and
deeper zones. Thus, diVerent layers of osteoar-
thritic specimens represent diVerent steps
within this dynamic process.

Figure 2 Phenotyping of osteoarthritic chondrocytes: in situ hybridisation analysis of chondrocytes revealed in all
osteoarthritic specimens collagen type II mRNA expression in the middle zones (B), where intracellular staining for type II
collagen was also found immunohistochemically (F; arrow heads). In chondrocytes of the upper zone the expression of
collagen type II ceased. Interestingly, in the upper middle zone an onset of type III collagen mRNA expression was observed
in most samples (C). This was confirmed by immunohistochemical staining for collagen type III (G).Neither collagen type
I (A,E) nor collagen type X (D,H) expression or deposition, as marker collagens of dediVerentiated and hypertrophic
chondrocytes, respectively, was observed in the upper and middle zones of osteoarthritic cartilage samples. Except for some
weak signals for collagen type II, normal cartilage samples did not show expression of any of the collagens (not shown).
(A-D: dark fields; femoral head, 69 years, female;Mankin´s grade 5; exposure time: A,C,D: three weeks; B: four days;
original magnification × 100).

Table 1 Typical results for normal and moderately damaged osteoarthritic cartilage (Mankin’s grade 4–6). col: collagen;
signal intensity: +++: very strong; ++: strong; +: weak; −: none; matrix integrity (histological): n: normal; f: fibrillated; e:
eroded). The diVerent zones (surface, upper/lower middle, deep) are distinguished by criteria such as cell shape, matrix
appearance, and distance to the subchondral bone and the tide mark

Cartilage
layer

Normal cartilage (Mankin’s grade 0–2) Osteoarthritic cartilage (Mankin’s grade 4–6)

Matrix
integrity

PG
content

Aggrecan
expression

Phenotypic
markers

Matrix
integrity PG content

Aggrecan
expression

Phenotypic
markers

Superficial n −/+ −/+ − e
Middle
Upper n ++ ++ − f − − −
Lower n ++ ++ − (f) ++ +++ −/col-III

Deep
Upper n ++ ++ − n ++ +++ −
Lower n ++ ++ − n ++ +++ col-X

Calcified n + −/+ col-X n + −/+ col-X
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This concept does not preclude the
importance of proteolytic degradation as a
pathogenic mechanism within the osteoar-
thritic cartilage degeneration process or as a
therapeutic target, but rather serves to focus
this on the damage to the collagen network.8

Mature collagen fibres are large, multiple
crosslinked rigid structures, which are presum-
ably diYcult to be repaired or replaced. Thus,
preventing damage to pre-existing fibres is of
primary importance. In contrast, aggrecan,
having a faster turnover as demonstrated in
normal articular cartilage,29 30 can more easily
be replaced by newly synthesised molecules.
Thus, the inhibition of enzymatic activity,
associated with proteoglycan turnover, might
even hinder eVective replacement of already
damaged aggrecan molecules.
While the dynamic events described here

may partly explain the osteoarthritic process,
however, the factors that initiate this are not
clear. These might be of a mechanical or an
inflammatory nature leading to a limited dam-
age, for example, to the collagen network.Most
probably, several diverse initial events may lead
to the same or a similar disease process, and
the influence of cytokines such as interleukin 1
or tumour necrosis factor ámay accelerate this.
These mediators might act on a paracrine or
autocrine level or diVuse into the articular car-
tilage from the synovial fluid.

Testing of the hypothesis
The data reported here and in other studies in
support of the proposed hypothesis still need
further confirmation as they have limitations,
which are, however, at the moment diYcult to
resolve.1 Most studies, including ours, were
done on peripheral areas of eroded tissue of
late stage osteoarthritic material obtained at
surgery. This always assumes that low to mod-
erate Mankin’s grades6 of late stages of
osteoarthritic joints are comparable to
cartilage of central areas of early or moderately
advanced osteoarthritis. This, however, is not
confirmed and needs further investigation,
though initial studies with arthroscopic
specimens seem to confirm results obtained in
the late stage specimens.31 These studies have
to be extended to include a larger number of
specimens to prove the relevance of the process
in the pathogenesis of osteoarthritis.2

In situ hybridisation as well as in situ
metabolic labelling techniques do not provide
ideal quantitative measurements. Nevertheless,
the scoring system used represents an average
score, and allows comparison of expression
intensities, particularly within the same
sample.3 It is also unresolved, why there are
high interindividual diVerences in anabolic
activity seen in all previous studies, whatever
method applied.6 13 In this respect, the zonal
distribution pattern described above is remark-
ably constant between specimens (in contrast
with the absolute levels, which are quite diVer-
ent between the diVerent samples).
Furthermore, it will be important to charac-

terise further the ‘osteoarthritic’ cellular
phenotype and to find additional markers to
monitor the cellular processes.

Future directions
It will be an important goal in the future to
establish in vitro systems reflecting these in
vivo diVerentiation patterns of osteoarthritic
chondrocytes to further analyse the disease
process and to develop experimental systems
to delay, stop, or even reverse it. This remains a
possibility as chondrocytes, even in severely
damaged areas, maintain the capacity to
synthesise the necessary cartilage matrix com-
ponents.2 9 16 18 32 Reversibility of switches in
activity and diVerentiation have been
demonstrated in vitro as well as in vivo in
chondrocytes.33–35 Therefore, one can assume,
that if further damage to the collagen network
can be prevented, cartilage could repair itself
or maintain the status quo because of the
potentially high anabolic capacity of its cells.2 9

It has to be borne in mind, however, that
re-activation of phenotypically modulated
chondrocytes is of little help as it may only
increase non-cartilaginous matrix gene expres-
sion at the expense of essential matrix compo-
nents such as aggrecan.36 37 This situation
would be similar to the increase in
non-cartilaginous protein synthesis of dediVer-
entiated chondrocytes stimulated by fetal calf
serum.38 Instead, the stabilisation of the
chondrocytic phenotype and rediVerentiation
of the osteoarthritic chondrocytes is needed to
ensure correct matrix anabolism. Factors of the

Figure 3 Schematic representation of the three steps of cellular events in osteoarthritic
cartilage degeneration as proposed by the hypothesis: (1) cellular activation of chondrocytes,
(2) modulation of the cellular phenotype, and (3) suppression of anabolic activity. This
leads to a quantitative loss of aggrecan molecules from the extracellular matrix and to a
collagen network damage, which again promotes further loss of proteoglycans. Finally,
fissuring and complete destruction of the cartilage matrix occurs.

Normal chondrocytes
low to moderate aggrecan synthesis

Cellular activation
increased aggrecan/Col2 synthesis

Modulation of phenotype
atypical gene expression, for example Col3...

Suppression
of aggrecan/Col2 synthesis

Decrease in PG content

Mechanical stress

Mechanical stress

Collagen network damage

Matrix destruction
(fissuring, erosion)

290 Aigner, Dudhia

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://ard.bm

j.com
/

A
nn R

heum
 D

is: first published as 10.1136/ard.56.5.287 on 1 M
ay 1997. D

ow
nloaded from

 

http://ard.bmj.com/


transforming growth factor â superfamily, in
particular bone morphogenetic proteins such
as OP-1 (osteogenin)39 40 and BMP-2,44 might
be suitable agents to initiate this.
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schaft (DFG Grant Ai 20/1-1).
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