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1. ABSTRACT

Osteoarthritis (OA) is a significant world-wide health
problem owing to the progressive and debilitating nature of
the condition which results in high morbidity and a marked
decrease in the quality of life. Significant advances in the
medical and surgical management of OA have resulted
from an understanding of the fundamental pathways
governing the health and disease of synovial joint tissues.
Continuing investigations into the nature of synovial joint
pathophysiology at both the molecular and biochemical
level should pave the way for the development of novel
therapeutic strategies, including gene therapy and tissue
engineering, in the treatment of the OA patient.

2. INTRODUCTION

Osteoarthritis (OA) is a debilitating, progressive
disease of diarthrodial joints that is associated  with aging
(1,2). The aging process of synovial joints and OA
pathology overlap  particularly with respect to synovial
joint remodeling. However, in many respects the  pathways
resulting in cartilage destruction and subchondral bone
changes in OA and those governing joint remodeling as a
function of age are fundamentally different (3). Thus, while
OA is found almost universally among the elderly  (2), and
aging could be considered one of several risk factors for
developing OA, OA does not develop simply as a result of
aging and/or “wear-and-tear” of the synovial joints. An
understanding of the critical pathways resulting in
maintenance of articular cartilage in health, alterations in
articular cartilage extracellular matrix (ECM) that may
initiate the OA process and the failure of adult articular
cartilage to undergo repair after repetitive trauma or acute
injury are all critical to the development of novel medical
and surgical strategies or gene therapies which may prove
useful in the treatment of OA. This special edition of
Frontiers in Bioscience, entitled, “Fundamental Pathways
in Osteoarthritis,” addresses the basic concepts required for

an understanding of OA pathogenesis, OA progression and
potential for medical intervention in the OA disease
process.

3. METABOLIC PATHWAYS IN OA

3.1. Pathophysiological pathways
The pathophysiological response of articular

cartilage in OA represents a constellation of anabolic and
catabolic dysfunctions by the chondrocyte. Dr. A. R. Poole
(Shriners Hospital for Children, McGill University,
Montréal) reviews how the classic loss of cartilage in OA
and the remodeling of bone are at the same time abnormal
(cartilage loss) and yet part of the maturation and aging of
the synovial joint (bone remodeling), albeit accentuated by
the formation of bony osteophytes during the OA process.
The pathophysiological response in OA articular cartilage
is characterized by an acquired imbalance between anabolic
and catabolic pathways resulting in 1) robust proteolytic
degradation of the ECM by resident chondrocytes, 2) an
attempt at compensatory synthesis of these very same ECM
proteins by resident chondrocytes which is ultimately
inefficient resulting in net loss of ECM proteins, and 3)  the
up-regulated expression of cartilage ECM genes that cause
a skewing of the normal ECM protein repertoire.

       The repair of articular cartilage in OA is feeble.
While initial pathophysiological responses of articular
cartilage in OA are characterized by chondrocyte
proliferation and ECM protein synthesis around
chondrocyte lacunae (4), these responses are not sustained.
Drs. S. Frenkel and P. E. DiCesare (New York University-
Hospital for Joint Diseases, New York) point out that the
inherent failure of articular cartilage to undergo repair in
OA is likely a result of a lack of the proper repertoire of
growth factors and signaling molecules. These serve to
support chondrocyte proliferation and migration in the
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embryo and during cartilage maturation. The possibility
that these growth factors and/or signaling molecules are
aberrant or deficient in adult cartilage responses must be
entertained. While transplantation of adult chondrocytes to
severe cartilage defects have proven to have some success
in repair in trauma cases affecting the knee (5), repair of
large surface lesions in unstable OA joints remains
controversial. The application of gene therapy to restore
growth factors locally or suppress catabolic pathways
consonant with OA pathogenesis remains an area fertile for
advances in the treatment of OA.

     While OA has almost always been seen as a focal
disorder of synovial joints, Drs. C.W. Denko and C. J.
Malemud (Case Western Reserve University School of
Medicine, Cleveland, OH) argue  that systemic
disturbances may also play an important role in OA.
Proteins typical of the acute phase response to systemic
inflammation are also elevated in OA. Furthermore, the
growth hormone/insulin-like growth factor-I (GH/IGF-I)
paracrine pathway is skewed. The altered serum levels of
GH/IGF-I in OA may alter cartilage repair potentials. In
addition, the significantly elevated levels of GH in both plasma
and erythrocytes from male patients with OA points to a
potential role for elevated GH synthesis in OA pathogenesis
and red blood cell sequestration of GH in clinically active OA.

3.2. Metabolic Pathways
3.2.1. Cytokines
       It is generally held that OA is a slow, but
ultimately progressive and irreversible disorder. Drs. J.
Martel-Pelletier, N. Alaaeddine and J.-P. Pelletier (Centre
Hospitalier de l’Université de Montréal, Montréal, Canada)
discuss the central role that cytokines (i.e. interleukins,
tumor necrosis factor) play in up-regulating the expression
of metalloproteinase genes.  Cytokines are not only
responsible for accelerating the destruction of cartilage
ECM via their ability to up-regulate metalloproteinase gene
expression (6), but they also serve to suppress
compensatory ECM protein biosynthesis by chondrocytes.
Chondrocytes isolated from OA cartilage and fibroblasts
derived from the synovium of  OA patients also appear to
develop exquisite sensitivity to the presence of cytokines
such as TNF-alpha (7), presumably because they produce
elevated levels of TNF-alpha receptors (8).  Another
pathway involving the induction of nitric oxide in cartilage
appears relevant to programmed cell death (apoptosis) and
OA pathology (9). The important role played by cytokines
in OA has resulted in numerous experimental protocols
designed to inhibit the biological activity of these mediators
(10).

3.2.2. Metalloproteinases and endopeptidases
       The metabolic imbalance of OA cartilage
characterized by significant up-regulation of
metalloproteinase (MMP) genes without concomitant
elevated synthesis of tissue inhibitor of metallo-proteinases
(TIMPs) is a fundamental pathway generating cartilage
destruction without cartilage repair. The endogenous ECM
proteins (i.e. collagen, proteoglycans, link protein,
fibronectin) are degraded in this process. This event
irreversibly compromises the integrity of cartilage ECM.

The synthesis and activation of MMPs in OA is a focus for
future therapeutic intervention. Dr. R. L. Smith (Stanford
University Medical Center, Stanford, CA) reviews the
many MMPs present in OA cartilage and addresses the all
important mechanism of activation which involves, at least
in part, the activity of endopeptidases such as Cathepsin B
and other MMPs such as the membrane-type MMPs
(MMP-14) and gelatinase A [MMP-2] (11,12). The
inability of TIMPs which are also produced by
chondrocytes (both constitutively and in OA) to  inhibit
activated MMPs appears more to do with an overwhelming
level of MMPs produced in OA cartilage than with a
structural abnormality in TIMP which might render TIMP
ineffective as an MMP inhibitor. The mechanism
underlying stromelysin-1 (MMP-3) inhibition by TIMP
which has recently been elucidated (13) may now provide
sufficient information for the production of synthetic
TIMPs  which are more effective in neutralizing MMP
activity.

3.2.3. Amplification of catabolic pathways.
       While cytokines are clearly important in up-
regulating MMP gene expression, other pathways relevant
to the process include the potent biological activity of
fibronectin fragments (fibronectin is itself a substrate for
MMPs) as discussed by Dr. G. A. Homandberg (Rush-
Presbyterian-St. Luke’s Medical Center, Chicago, IL).
Fibronectin fragments enhance levels of catabolic cytokines
and also up-regulate MMP expression, significantly
enhance loss of proteoglycans from cartilage and
transiently suppress proteoglycan synthesis. Other peptides
produced from ECM proteins, such as  link protein, may
also be biologically active in OA cartilage (14).

4. MOLECULAR AND DEVELOPMENTAL
PATHWAYS

       An understanding of the molecular events
governing the morphogenesis of articular cartilage in
development may be germane to OA, if in order for
cartilage to repair itself, adult cartilage must recapitulate
growth and developmental events produced in the embryo.
Drs. L. Sandell and P. Adler (Washington University, St.
Louis, MO) elucidate the large number of differentiation
proteins and signaling molecules and pathways they
regulate during cartilage formation. The remodeling of
synovial joints clearly represents the inherent capacity for
chondrocyte proliferation and migration. The re-expression
in human OA cartilage of an alternative splice variant of
Type II procollagen (type IIA) present in embryonic
cartilage could represent an attempt to restructure OA
cartilage ECM  or could represent inappropriate repair (15).
The mechanism by which the transcription of ECM genes
are regulated could very well provide important
information allowing for manipulation of ECM protein
gene expression. Dr. T. Hering (Case Western Reserve
University School of Medicine, Cleveland, OH) discusses
what is known about the structural genes and coding
regions of cartilage proteoglycans, collagens and other
cartilage accessory ECM proteins. These studies not only
provide the structural basis for understanding the
mechanism by which cartilage ECM protein synthesis is
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regulated in development, but also points to ways in which
the expression of these genes may be manipulated in adult
OA cartilage.

5. FUTURE DIRECTIONS

     The clinical management of OA involves periodic
physical and radiographic assessment of OA progression,
use of corticosteroids and non-steroidal anti-inflammatory
drugs, and often surgical removal of the OA joint with
prosthetic replacement. An understanding of the
fundamental pathways governing OA pathogenesis and the
molecular mechanisms governing OA progression has
emerged over the past decade and now provide the impetus
for novel gene, medical and surgical therapies to be
developed (16-18). Drs. C. J. Malemud and V. M.
Goldberg (Case Western Reserve University School of
Medicine, Cleveland, OH) discuss how the emerging
understanding of the mechanisms regulating anabolic and
catabolic pathways in cartilage and the potential of human
bone-marrow-derived mesenchymal progenitor cells
(17,18) to be employed to repair damaged cartilage has
resulted in a wide variety of experimental and human
studies designed to alter the rate of cartilage destruction
and support of cartilage repair in the OA patient.

6. REFERENCES

1. T. McAlindou & P. Dieppe: Osteoarthritis: definitions
and criteria. Ann Rheum Dis 48, 531-2 (1989)
2. DT Felson: The epidemiology of osteoarthritis:
prevalence and risk factors. In: Osteoarthritic disorders.
Eds: Kuettner, KE, Goldberg, VM, American Association
of Orthopaedic Surgeons, Rosemont, IL (1995)
3. EJMA Thonar & KE Kuettner: Biochemical basis of age-
related changes in proteoglycans. In: Biology of
proteoglycans. Eds: Wight, TN, Mecham, RP, Academic
Press, NY (1987)
4. B.L. Sachs, V.M. Goldberg, L. Getzy, R.W. Moskowitz
& C.J. Malemud: A histopathologic differentiation of tissue
types in human osteoarthritic cartilage. J Rheumatol 9, 210-
6 (1982)
5. M. Brittberg, A. Lindahl, A. Nilsson, C. Ohlsson, O.
Isaksson & L. Peterson  Treatment of deep cartilage lesions
of the knee with autologous chondrocyte transplantation. N
Eng J Med 331,  889-95  (1994)
6. G. Tardiff, J.-P. Pelletier, M. Dupuis, C. Geng, J.-M.
Cloutier & J. Martel-Pelletier: Collagenase 3 production by
human osteoarthritic chondrocytes in response to growth
factors and cytokines is a function of the physiologic state
of the cells. Arthritis Rheum 42, 1147-58 (1999)
7. C.J. Westacott, R.M. Atkins, P.A. Dieppe & C. J. Elson:
Tumor necrosis factor-alpha receptor expression on
chondrocytes isolated from human articular cartilage. J
Rheumatol 21, 1710-5 (1994)
8. N. Alaaeddine, J. A. DiBattista, J.-P. Pelletier, J.-M.
Cloutier, K. Kiansa, M. Dupuis & J. Martel-Pelletier:
Osteoarthritic synovial fibroblasts possess an increased
level of tumor necrosis factor-receptor 55 (TNF-R55) that
mediates biological activation of TNF-alpha. J Rheumatol
24, 1985-94 (1997)

9. M. Lotz: The role of nitric oxide in articular cartilage
damage. Rheum Dis Clin N Amer 25, 269-82 (1999)
10. C.H. Evans & P.D. Robbins: Potential treatment of
osteoarthritis by gene therapy. Rheum Dis Clin N Amer 25,
333-44 (1999)
11. D.J. Buttle, C.J. Handley, M. Z. Ilic, J. Saklatvala, M.
Murata & A.J. Barrett: Inhibition of cartilage proteoglyan
release by a specific inactivator of Cathepsin B and an
inhibitor of matrix metalloproteinases. Evidence for two
converging pathways of chondrocyte-mediated
proteoglycan degradation. Arthritis Rheum 36, 1709-17
(1993)
12. V.C. Knäuper, H. Will, C. Lopez-Otin, B. Smith, S.J.
Atkinson, H. Stanton, R.M. Hembry & G. Murphy: Cellular
mechanisms for human procollagenase -3 (MMP-13)
activation. Evidence that MT1-MMP (MMP-14) and
gelatinase A (MMP-2) are able to generate active enzyme.
J Biol Chem 271, 17124-31 (1996)
13. F.-X. Gomis-Rüth, K. Maskos, M. Betz, A. Bergner, R.
Huber, K. Suzuki, N. Yoshida, H. Nagase, K. Brew, G.P.
Bourenkov, H. Bartunik & W. Bode: Mechanism of
inhibition of the human metalloproteinase stromelysin-1 by
TIMP-1. Nature 389, 77-81 (1997)
14. L.A. McKenna, H. Liu & M.F. Dean: An N-terminal
peptide from link protein stimulates proteoglycan synthesis
in human articular cartilage in vitro. Arthritis Rheum 41,
157-62 (1998)
15. T. Aigner, Y. Zhu, H.H. Chansky, F.A. Matsen III, W.J.
Maloney & L.J. Sandell: Reexpression of type IIA
procollagen by adult articular chondrocytes in osteoarthritic
cartilage. Arthritis Rheum 42, 1443-50 (1999)
16. C.H. Evans, S.C. Ghivizzani, R. Kang, T. Muzzonigo,
M.C. Wasko, J.H. Herndon & P.D. Robbins: Review: gene
therapy for rheumatic diseases. Arthritis Rheum 42, 1-16
(1999)
17. B. Johnstone, T.M. Hering, A.I. Caplan, V.M. Goldberg
& J.U. Yoo: In vitro chondrogenesis of bone-marrow
derived mesenchymal progenitor cells. Exper Cell Res 238,
265-72 (1998)
18. J.U. Yoo, T.S. Barthel, K. Nishimura, L. Solchaga, A.I.
Caplan, V.M. Goldberg & B. Johnstone: The chondrogenic
potential of human bone-marrow-derived mesenchymal
progenitor cells. J Bone Joint Surg [Am] 80-A, 1745-57
(1999)

Key Words: Cartilage, Chondrocytes, Extracellular
Matrix, Cytokines, Metalloproteinases, Review

Send correspondence to: Dr Charles J. Malemud, Ph.D.
Biomedical Research Bldg. Rm. 1025E, Case Western
Reserve University School of Medicine, Cleveland, OH
44106-4946, Tel:216-368-1372 Fax: 216-368-1333, E-
mail: cjm4@po.cwru.edu

Received 8/23/99 Accepted 8/31/99


