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1. ABSTRACT

Osteoarthritis (OA) is the most common form of
arthritis that occurs in humans. Despite its prevalence, the
pathogenesis of OA is not fully understood. Intraarticular
basic calcium phosphate (BCP) (an inclusive term for
partially carbonate-substituted hydroxyapatite, octacalcium
phosphate and tricalcium phosphate) crystals are implicated
in OA and are associated with severe degenerative arthritis
characterized by marked synovial hyperplasia, aggravated
joint degeneration and large joint effusions. Their
pathogenicity relates, at least in part, to their ability to
stimulate cellular mitogenesis in a number of cell types
including macrophages, porcine articular chondrocytes
(PAC) and human fibroblasts (HF) and induce
prostaglandin, cytokine and matrix metalloproteinase
synthesis and secretion in HF and PAC. Identification of
BCP crystals in OA joints remains problematic because of
the lack of a simple and reliable analytic procedure. There
is currently no drug available that prevents the formation or
modifies the biological effects of BCP crystals. This review
highlights the recent advances in our knowledge of BCP
crystal deposition diseases and discusses the potential
therapeutic strategies for BCP crystal-associated OA.

2. INTRODUCTION

Deposition of basic calcium phosphate (BCP)
crystals is associated with a variety of age-related
pathologies, including osteoarthritis (OA), calcific
periarthritis and Milwaukee shoulder syndrome (MSS) (1).
OA is characterized by severe cartilage degeneration as
well as synovial lining hypertrophy, joint space narrowing
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and reactive bony sclerosis/osteophyte formation. Intra-
articular BCP crystals are uniquely associated with OA, as
they are not found in any other forms of arthritis including
rheumatoid arthritis. Occurring in up to 70% of OA joints,
the presence of BCP crystals correlates strongly with
radiographic evidence of cartilage degeneration in knee
joints and is associated with larger joint effusions when
compared with joint fluid from OA knees without crystals
(2, 3). BCP crystals induce a number of biological
responses in vitro, which help explain the pathologic
findings associated with their presence in vivo. These
include their ability to induce mitogenesis and
prostaglandin (PG), cytokine and matrix metalloproteinase
(MMP) synthesis in human synovial fibroblasts (HSF),
porcine articular chondrocytes (PAC) and human foreskin
fibroblasts (HFF). In this report, we explore published
evidence of the role of BCP crystals in OA with particular
focus on the molecular mechanisms involved in BCP
crystal-induced cell activation. We also highlight current
potential therapeutic strategies for BCP crystal- associated
OA.

3. STRUCTURE, LOCATION, SIZE,
IDENTIFICATION AND ORIGIN OF BCP
CRYSTALS

BCP crystals include partially carbonate

substituted hydroxyapatite (HA), octacalcium phosphate
and tricalcium phosphate. They occur in human synovial
fluid (4, 5), synovium and hyaline cartilage (5) and are
associated with a number of clinical manifestations
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including Milwaukee shoulder/knee syndrome (MSS) (6),
acute calcific periarthritis (ACP) and OA (3). Secondary
deposition of BCP crystals has also been observed in a
number of other clinical situations including chronic renal
failure, following neurologic injury and after local
corticosteroid  injection (7). BCP  crystals are
ultramicroscopic in size and occur as spheroidal
microaggregates, which range in size from 1 to 50 microns
in diameter. Identification of BCP crystals in synovial
fluids and joint tissues remains problematic because of the
lack of a simple, reliable analytic procedure. Some methods
that have been used to identify and characterize BCP
crystals include '*C ethane-1-hydroxy 1, -1-diphosphonate
("'C-EHDP) binding, alizarin red S staining, X-ray
diffraction, atomic force microscopy, scanning and
transmission electron (S/TEM), and Fourier transform
infrared spectroscopy (FTIR).

Y“C-EHDP binding has been used to detect
crystals in synovial fluid. However, there are a number of
pitfalls associated with this method such as limit of
sensitivity (approximately 2 microgram/ml standard HA)
(7). EHDP does not enter living cells readily and therefore
it cannot detect intracellular apatite. In addition, the binding
technique is semi-quantitative and the concentration of HA
responsible for binding can be estimated only by
comparison of observed binding to that obtained using
standard HA. This is at best a rough approximation since
the crystal surface area available for binding might be quite
different depending on crystal size (8). Alizarin red S
staining (ARS) is a highly sensitive technique used to
detect calcium-containing crystals in synovial fluid. ARS
has the greatest sensitivity for detection of CPPD because
crystals are stained regardless of how weakly or strongly
birefringent they may be. ARS cannot distinguish between
amorphous types of calcium compounds; therefore, the
different types of calcium compounds can be distinguished
only when typical morphological features are present (9-
11). Alizarin red stain does not stain corticosteroid crystals
or mono sodium urate crystals (9). Frequent false positive
results due to staining of calcium-containing compounds
suggest that it lacks sufficient specificity to qualify for
routine identification of BCP crystals (7).

X-ray diffraction identifies crystals. However, the
quantity of crystals necessary for analysis exceeds that
required for other techniques. Atomic force microscopy
achieves subnanometer resolution of crystal surface
topology and measurement of lattice unit cell dimension.
S/TEM with high energy dispersive X-ray (EDX) and FTIR
has identified BCP crystals deposits consisting of mixtures
of HA, octacalcium and rarely tricalcium phosphate
crystals (7). These methods, however, are generally only
available in research setting, are expensive, and are unable
to identify the site of origin of BCP crystals. Moreover, the
methods of detection are operator dependent and therefore
can lack accuracy and reproducibility. BCP crystals cannot
be identified using conventional light or polarizing light
microscopy, the two most common clinical methods for
analysing synovial fluid samples for crystals, as they are
either too small or too few in number to be identified by
conventional techniques (12, 13). Therefore, there is still no
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simple, accurate method for their detection clinically (7,
14).

Histological examination of OA tissue revealed
the deposition of HA in superficial regions of articular
cartilage and synovium (15). HA deposits in the synovium
resemble bone fragments or crystalline aggregates of HA
found in the synovial fluid and cartilage (15). Electron
microscopy identifies early stages of deposition as
aggregates of HA crystals lying between the collagen
bundles around the chondrocytes (15). The origin and
mechanism of BCP production is only partially understood,
but data suggest that articular cartilage-derived matrix
vesicles and chondrocyte-derived apoptotic bodies are at
least partly responsible for their formation. Matrix vesicles
are cell derived, membrane-enclosed units that are found in
articular cartilage and are associated with HA deposition
(16). Apoptotic bodies (AB) are defined as membrane-
enclosed structures of varying size that arise during
apoptosis. During programmed cell death, AB are
recognised by specific cell surface receptors and
phagocytosed to prevent exposure of intact tissue to cell
constituents that can cause inflammation. Articular
cartilage, however, which is not vascularised and contains
chondrocytes as its only cellular constituent, does not
contain phagocytes that can ingest AB. Therefore, AB
remain within the articular cartilage unless extracellular
matrix is degraded and release into the joint space occurs
(16).

Studies suggest that apoptotic bodies derived
from chondrocytes treated with the nitric oxide donor,
sodium nitroprusside, and cartilage-derived matrix vesicles
precipitate  calcium. **Calcium  precipitation ~ studies
revealed that chondrocyte-derived matrix vesicles and
chondrocyte-derived apoptotic bodies precipitate calcium
in the presence of ATP (16, 17). In vitro studies indicate
that MV derived from collagenase-digested normal PAC
generates CPPD crystals (17). Human OA cartilage
contains similar enzyme-rich vesicles capable of ATP-
dependent calcification (18). Ultrastructural analysis of
human OA cartilage has demonstrated apatite and apatite-
like crystals in association with matrix vesicles (17, 19).
PAC MV produce BCP crystals in vitro in the absence of
ATP. Functional analysis studies revealed that both MV
and AB produce similar levels of inorganic pyrophosphate
(PPi), alkaline phosphatase activity, and pyrophosphate-
generating nucleoside triphosphate pyrophosphohydrolase
(NTPPH) (16).These findings suggest that chondrocyte-
derived apoptotic bodies may contribute to the pathologic
cartilage calcification in OA (16).

4. BCP CRYSTALS AND THE MITOGENIC
RESPONSE

Synovial lining hypertrophy is commonly associated with
BCP crystal deposition disease. BCP crystals can control
the transition of cells from the Gy/G; to S-phase of the cell
cycle and initiate proliferation by rendering fibroblasts
competent to respond to progression growth factors such as
insulin-like growth factor (20). BCP crystals at
concentrations found in human pathological joint fluids
stimulate mitogenesis in quiescent cultured HFF,
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Figure 1: Some biological effects of BCP crystals.

murine 3T3 cells, PAC and canine synovial fibroblasts (21-
24). Two distinct events appear necessary for BCP crystal-
induced mitogenesis (Figure 1). Firstly, a rapid membrane-
associated event in which activated phospholipase C leads
to hydrolysis of phosphatidylinositol 4,5-bisphosphate
(PIP2) to inositol trisphosphate (IP3) and diacylglycerol
(DAG). IP3 releases calcium from the endoplasmic
reticulum, modulating the activities of protein kinases (PK)
and proteases. DAG phosphorylates intracellular proteins
such as growth factor receptors and activates the plasma
membrane Nat/H+ antiporter, leading to cellular
alkalinization, which has been correlated with the
stimulation of DNA synthesis (25). A second event
involves endocytosis and intracellular dissolution of BCP
crystals. BCP crystal dissolution raises the intracellular
calcium level, which is required for the full mitogenic
response. Using the photoactive dye Fura-2AM as an
indicator of intracellular calcium levels, BCP crystal
treatment caused an immediate 10-fold increase in
intracellular calcium over baseline level within 1min in
HFF. This increase was derived from extracellular calcium,
as it did not occur when calcium-free medium containing
BCP crystals were added to fibroblasts. A further increase
in intracellular calcium started within 60 min after
stimulation and continued to rise up to at least 3h due to
intracellular dissolution of phagocytosed crystals (25). In a
similar set of experiments, the specific vacuolar pump
inhibitor, bafilomycin A, (which raises intracellular
lysosomal pH) inhibited intracellular crystal dissolution in
HF and caused a dose-dependent inhibition of BCP crystal-
induced mitogenesis (26). Current data suggests that
endocytosis precedes dissolution of BCP crystals. HF
incubated with **Ca-labeled BCP crystals in the presence or
absence of ammonium chloride were pulsed with [*H]-
thymidine. Following trypinisation and fractionation on
preformed Percoll density gradient, fractions were analyzed
for incorporation of *Ca, [*H]-thymidine and cell number.
Cells containing **Ca-labeled crystals were heavily labeled
with [*H]-thymidine. Ammonium chloride decreased the
amount of crystal endocytosis by 20% and inhibited
mitogenesis by 90%. These findings suggest that BCP
crystal-induced mitogenesis is preceded by endocytosis and
dissolution in the acidic environment of phagolysosomes
(27, 28).
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Cytochalasin B (CB) inhibits phagocytosis in
murine peritoneal macrophages. Murine macrophages were
incubated with “*Ca-labeled BCP crystals in the presence or
absence of CB. In the absence of CB, endocytosis of
crystals occurred continuously throughout incubation.
Dissolution began within 3h and was linear up to 24h,
when 30-50% of the added crystals had been solubilised.
Addition of CB to cultured macrophages did not prevent
BCP crystals’ adherence to cells but inhibited their
solubilization in a dose-dependent manner. When CB-
treated cells were washed with EDTA, all adherent BCP
crystals were removed, suggesting that BCP crystals were
bound to the surface. In contrast, when untreated cells were
washed with EDTA, only 10-20% of the adherent BCP
crystals were removed suggesting that endocytosis of BCP
crystals had occurred. These findings suggest that cell-
association of BCP crystals is not sufficient for their
dissolution and that endocytosis precedes solubilisation of
BCP crystals by macrophages (29). Hamilton and others
reported increased macrophage survival and DNA synthesis
in response to BCP crystals, the latter response being
potentiated in the presence of low concentrations of colony
stimulating factor (CSF-1). Since CSF-1 is an important
regulator in the development and function of macrophage
lineages throughout the body, the presence of BCP crystals
in OA joints may prolong the lifespan of macrophages.
Such enhanced macrophage survival or proliferation may
contribute to the synovial hyperplasia noted in crystal-
associated arthropathies (3, 24, 28).

5. MATRIX METALLOPROTEINASE
CRYSTALS

AND BCP

Matrix metalloproteinase (MMP) are members of
the family of zinc-dependent endopeptidases, which cleave
one or several extracellular matrix proteins. MMP play an
important role during embryo development,
morphogenesis, connective tissue remodeling, tumour
progression and arthritis. MMP are implicated in the
degradation of articular cartilage matrix in OA.
Collagenase-1 (MMP-1) and stromelysin-1 (MMP-3) are at
least partly responsible for the destruction of the
extracellular matrix. Under normal conditions, most
connective tissue cells produce low or undetectable levels
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of MMP-1. In the presence of pro-inflammatory cytokines
such as interleukin-1 (IL-1) and/or tumour necrosis factor
alpha (TNF-alpha), phorbol esters or growth factors,
fibroblasts synthesize high levels of MMP-1 (30-32).
MMP-1 and MMP activity has been demonstrated in
synovial fluid from the shoulder joints of some but not all
MSS patients (33). BCP crystals induce MMP-1, -3, -8 and
92kDa gelatinase (MMP-9) production in HF and MMP-1
and collagenase-3 (MMP-13) production in PAC (22, 34-
38). BCP crystal-induced mitogenesis is accompanied by
induction and secretion of MMP-1 in HF (39). Since
intracellular crystal dissolution is important in BCP crystal-
induced mitogenesis, the role of crystal dissolution in BCP
crystal-induced MMP production has been examined.
Increasing lysosomal pH with bafilomycin A; (30nM and
50nM) to inhibit intracellular BCP crystal dissolution
attenuated the mitogenic response of HF to BCP crystals by
66% but had no effect on BCP crystal-induced MMP-1
synthesis and secretion. These findings suggest that BCP
crystal dissolution, which is important for mitogenesis,
does not play a role in BCP crystal-induced MMP
production and that lysosomotropic agents such as
hydroxychloroquine would not dramatically alter the
secretion of chondrolytic MMP in vivo (40).
Therapeutically targeting lysosomes would only partially
ameliorate the synovial proliferation seen in joints
containing BCP crystals (40).

The activity of MMP can be inhibited by tissue
inhibitor of matrix metalloproteinase (TIMP) including
TIMP-1 and -2. Expressed in both normal tissue and
tumour cells, TIMP-1 and-2 play a pivotal role in
maintaining the balance between the extracellular matrix
deposition and degradation in different physiological
processes (41, 42). TIMP and MMP are differentially
regulated by cytokines and/or growth factors in rabbit aorta
smooth muscle cells and human bronchial epithelial cells
(HBECs) (43-45). Numerous studies suggest that excess
production of MMP compared with TIMP contribute to
cartilage degeneration in OA and rheumatoid arthritis (RA)
(46). Consistent with these findings, Bai and co-workers
demonstrated increased MMP production and decreased
TIMP-1 and -2 synthesis in HF following treatment with
BCP crystals (34). The ability of BCP crystals to induce
MMP synthesis and decrease TIMP synthesis, could, at
least partly, lead to a net increase in MMP activity and
explain matrix degradation associated with BCP crystal
deposition (23).

6. PROSTAGLANDIN, CYCLOXYGENASES AND
BCP CRYSTALS

Prostaglandins (PG), produced by most human
tissues including human blood mononuclear cells, synovial
cells, chondrocytes and fibroblasts (35, 37, 47-49) are
involved in bone turnover and in modulating bone
resorption in inflammatory arthritis (50-52).
Cyclooxygenase (COX) catalyzes the conversion of
arachidonic acid to PGH,, the first committed step in the
biosynthesis of prostanoids. Two COX isoforms have been
identified in mammalian cells. COX-1 is constitutively
expressed in most tissues and is responsible for supporting
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the level of prostanoid biosynthesis required for
maintaining organ and tissue homeostasis but can be
regulated by certain agonists, including acidic fibroblast
growth factor, stem cell factor and dexamethasone (53, 54).
COX-2 is the predominant COX isoform induced by pro-
inflammatory agents including cytokines, endotoxins, lipid
mediators and mitogens in a number of cell and tissue types
including OA, and is involved in inflammation (55).

Recent studies demonstrate spontaneous and IL-
Ibeta-induced COX-2 expression and PGE, production in
OA articular chondrocytes and synoviocytes (55, 56). PG
modulates glucocorticoid receptor expression in articular
chondrocytes via the cyclic adenosine monophosphate
(cAMP) pathway (57). Both PGE, and E, inhibit cytokine-
induced MMP expression in human synovial fibroblasts,
up-regulate the expression of insulin-like growth factor
binding protein -3 and -4 via cAMP signaling pathway and
stimulate aggregan synthesis in chondrocytes (58-60).
Previous studies suggest that PGE, mediates the anti-
proliferative effects of IL-l-induced nitric oxide on
chondrocytes and suppresses cellular proliferation in RA
synovial fibroblasts (61, 62). BCP crystals stimulate PGE,
production via the phospholipidase A2/cyclooxygenase
pathway in mammalian cells (35, 37, 63, 64). PGE, and E,
inhibit BCP crystal-induced mitogenesis in HF. Unlike
PGE,, PGE; also inhibits BCP crystal-induced MMP-1
mRNA accumulation. Misoprostol, a PGE; analogue
inhibits BCP crystal-induced mitogenesis and collagenase
accumulation in HF (65). It is possible that BCP crystal-
induced PGE production may modulate mitogenesis and
MMP production by a feedback mechanism.

Morgan and co-workers demonstrated increased
COX-2, COX-1, and IL-1beta mRNA levels in HF exposed
to BCP crystals, leading to an increase in PGE, production.
In this study, COX-2 was the primary isoform up regulated
by BCP crystals with COX-1 mRNA occurring as a
secondary effect. The induced COX-1 may contribute to
the total pool of PG at sites of inflammation. Additionally,
treatment of HF with PKC inhibitor bisinbolymaleimide I,
phosphoinositide 3-kinase (PI3-K) inhibitor LY294002 and
staurosporine inhibited BCP crystal-induced COX-2
expression in HF (64). In contrast, treatment with either
the MEKI! inhibitor (PD98059) or the p38 mitogen-
activated protein kinases (MAPK) inhibitor, SB203580, did
not attenuate BCP crystal-induced COX-2 expression in HF
suggesting that BCP crystal-mediated up-regulation of
COX-2 expression does not require activation of either
p42/p44 MAPK or p38 MAPK in this cell line (64).

7. SIGNALING PATHWAYS AND BCP CRYSTALS

One of the major signal transduction mechanisms
involved in BCP crystal-induced mitogenesis includes
inositol phosphate turnover (28). Rothenberg reported
enhanced phospholipase C degradation of inositol
phospholipid in rabbit synoviocytes by BCP crystals (66).
Proto-oncogenes (such as c-fos and c-myc), MAPK, protein
kinase C (PKC) and nuclear factor kappa B (NF-kB) play
an important role in cell proliferation. BCP crystal-induced
cell activation is associated with NF-kB induction in
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balb/c/3T3 and HF and PKC activation and activator
protein 1 (AP-1) induction in HF. BCP crystals activate p42
and p44 MAPK (67), increase PKC activity in PAC (22)
and enhance phospholipase C activity in synovial cells
(28). MAPK, in particular p42/p44 MAPK and PKC have
also been shown to regulate cell proliferation by a
mechanism involving c-fos and c-myc. Stimulation of
quiescent Balb/c3T3 cells with BCP crystals resulted in the
expression of c-fos within minutes and was maximum at
30min. Similarly, the induction of c-myc transcription by
BCP occurred within 1h and was maximal within 3h (28).
Mitchell and colleagues reported that depletion of PKC
with tetradecanoyl phorbol acetate (TPA), a known
analogue of DAG, blocks the induction of proto-oncogene
activation and DNA synthesis (23). Since DAG or PKC are
critical for BCP crystal-induced mitogenesis, depletion of
PKC should waver the effects of BCP crystals. In PKC-
deficient Balb/3T3 cells, BCP crystals inhibited c-fos and
c-myc expression by over 80%. McCarthy and others
demonstrated that inhibition of BCP crystal-induced
mitogenesis by the PKC inhibitor staurosporine was
accompanied by inhibition of BCP crystal-induced NF-kB
and c-fos, but not c-jun mRNA (26). BCP crystal treatment
induces phosphorylation of p42/44 MAPK, an effect that is
inhibited by phosphocitrate (PC). Blocking of p42/44
MAPK signal transduction with an inhibitor of MEKI
(PD98059) reduces BCP crystal-induced cell proliferation.

Activated c-fos, c-jun and p42/44 MAPK are
involved in MMP expression (1) (68). BCP crystal-
induction of the MMP-1 promoter activation is associated
with AP-1, polyomavirus enhancer activator-3 (PEA-3) and
serum response factor (SRF) transcription factors and
follows the Ras/Raf/MAPK kinase/c-fos/AP-1/MMP-1
signaling pathway (69). BCP crystals enhance the binding
of proteins to an oligonucleotide containing the consensus
binding sequence for AP-1 transcription factor (26). BCP
crystals also activate early growth response gene Egr2
through a calcium-dependent protein kinase C-independent
p42/p44 MAPK pathway. By RT-PCR BCP crystals caused
a 8-fold increase in Egr2 transcription, which peaked at
24h. The induction was confirmed by transient transfection
assays and could be inhibited by p44/p42 MAPK-specific
inhibitor U0126 or calcium chelator TMB-8. Using the
Mercury Pathway Profiling System (Clontech) to assess the
activation of signal transduction pathways, induced Egr2
stimulated cell proliferation transcription factors c-fos, SRF
and c-myc (70). The induction of Egr2 by BCP crystals
may stimulate the activities of several transcription factors
that are associated with cell proliferation further
contributing to the inflammatory process associated with
OA.

8. CYTOKINES AND BCP CRYSTALS

Pro-inflammatory cytokines such as TNF-alpha
and IL-1, -6, -17 have been implicated in the pathogenesis
of OA (71). Maintaining matrix homeostasis in the normal
adult cartilage phenotype requires normal turnover of
matrix components, primarily collagen and proteoglycan
(72). IL-1beta has been implicated in the regulation of PG
synthesis, MMP, nitric oxide production and COX-2.
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Current literature suggests that COX-2 regulation by IL-
Ibeta involves activation of NF-kB, p42/p44 and PKC
signaling pathway, all of which are induced by BCP
crystals. Morgan and co-workers demonstrated that BCP
crystals can directly induce COX-2 independent of IL-
Ibeta and that BCP crystal-induced IL-lbeta could
contribute to the total induction of PGE,, possibly through
induction of both COX-1 and -2 (64).

TNF-alpha mRNA has been detected in OA-
affected cartilage but not normal cartilage. OA-affected
cartilage (in explant assays) have been shown to
spontaneously release TNF-alpha and IL-8 in ex vivo
conditions (73). Both TNF-alpha and IL-1 promote MMP
release and inhibit the synthesis of proteoglycans and
collagen synthesis by synovial cells and chondrocytes (72).
TNF-alpha induces MMP-1 and MMP-3 production in
adult PAC (74). Recent studies suggest that BCP crystals
induce IL-lbeta in HF and co-incubation of human
osteoarthritic synoviocytes with BCP and TNF-alpha
and/or IL-1 augment the expression of MMP-1 (75, 76).
BCP crystals appear to induce fibroblast MMP-1
independent of an autocrine route via IL-1beta (76) .

9. POTENTIAL THERAPEUTIC AGENTS

The presence of BCP crystals in up to 70% of OA
joints is well established. Our present understanding of the
mechanisms of intra-articular calcification is incomplete.
An important factor in the control of mineral growth is the
presence of inhibitors or accelerators at the mineralization
sites. Inhibitors of hydroxyapatite formation include Mg*",
COs> (carbonate ion), pyrophosphates, adenosine
triphosphate  (ATP), cartilage proteoglycans and
phospholipids (77). Two keystones are required for
targeting by a drug. Firstly, inhibition of nucleation
formation and the growth of the primary crystals and
secondly if the growth of crystals cannot be controlled then
formulating compounds that can target crystal-stimulated
cellular responses (78).

9.1. Phosphocitrate (PC)

PC is a natural occurring compound found in
mammalian mitochondria, human urine and crab
hepatopancreas (79-82). PC prevents calcium phosphate
precipitation in cells or cellular compartment maintaining
high concentrations of calcium and phosphate by restricting
transformations involved in the nucleation, growth and
aggregation of many calcium salts including phosphate,
oxalate and carbonate (83, 84). PC interferes with the
biological effects of BCP crystals. PC inhibits BCP crystal-
induced MAPK (85, 86), blocks NO-induced calcification
of cartilage and chondrocyte-derived apoptotic bodies (87),
inhibits adenosine triphosphate-induced calcinosis, inhibits
MMP-1,-3 and -8 in HF (88) and delays the progression of
ankylosis in murine progressive ankylosis (MPA) (89). PC
also inhibits BCP crystal-induced c-fos and c-jun
expression, and mitogenesis in HF in vitro. Recent studies
suggest that PC inhibits BCP crystal stimulated endocytotic
activity of cells. In this study, various cell lines were
treated with BCP crystal-pCMV-luciferase plasmid
aggregates or with pCMV-luciferase plasmid followed by
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BCP crystals. Analysis of luciferase activities demonstrated
that BCP crystals stimulated the endocytosis of DNA
plasmid by cells. Since endocytosis of DNA plasmid was
stimulated by BCP crystals, increasing amounts of PC were
added to the cells prior to the addition of BCP crystals-
pCMV-luciferase  plasmid  mixtures/aggregates.  As
expected, PC inhibited the BCP crystal-stimulated
endocytosis of pCMV-luciferase plasmid (90). PC inhibits
mitochondrial and cytosolic accumulation of calcium in
kidney cells in vivo (79) and does not produce any
significant toxicity in rats or mice when given in doses up
to 150 umol/kg/day. PC also prevents aortic calcification at
1 umole/day/rat (83). PC (10-1000 uM) blocked both ATP-
dependent and -independent mineralization in articular
cartilage vesicles (91).

Insight into the mechanism of action of PC has
been achieved by exploring its interaction with crystal faces
of calcium oxalate monohydrate (COM) crystals, struvite
crystals, hydroxyapatite (HA) and CPPD using both
experimental evidence and molecular modeling. Binding of
PC to COM crystals, struvite crystals, HA and CPPD
changes the zeta potential of the crystal surface, leading to
total cessation of crystal growth and thus interfering with
the crystal-plasma membrane interactions that lead to
cellular responses (81, 92-95). Although PC has proven to
be effective in inhibiting the biological effects of BCP
crystals, PC is clinically unavailable at present.

9.2. n-sulfo-2-amino-tricarballylate (SAT) and citrate
versus PC

SAT, a PC analogue and citrate have been
examined as possible modulators of the biological effects
of BCP crystals. Like PC, SAT and citrate suppress BCP
crystal-induced CREB serine 133 phosphorylation and
activation of p42/p44 MAP kinases, block BCP
mineralization in articular cartilage vesicles in a dose
dependent fashion (91) and inhibit aortic calcification in
rats (83). Neither SAT nor citrate are as efficient inhibitors
as PC for calcium containing crystals. PC suppresses signal
transduction pathways at lower concentrations (10°-10"
mM as opposed to 1mM for SAT and citrate) and inhibits
not only BCP mineralization but also CPPD mineralization.
PC prevents aortic calcification at 1 pmole/day/rat
compared to SAT at 10 pmole/day/rat (83). Recent studies
suggest that because of its similarity to citrate, PC may
bind to and use the same transport protein as citrate for
passage through the phospholipid bilayer, thus making it
readily available at the site of undesirable formation of
calcium-containing crystals (81).

The strong binding affinity that PC possesses for
growing crystals accounts for the superior inhibitory
capacity compared with SAT and citrate and is believed to
result from both its multinegative charges and natural
stereochemistry (93, 96). PC, with both its PO, and
carboxylate groups contributing, binds more favorably than
citrate (possessing carboxylates only) with calcium ions
distributed on the (- 1 0 1) and (0 1 0) surfaces of calcium
oxalate monohydrate crystals, thus blocking growth. Also,
SAT has one less charge than PO, and the presence of a
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nitrogen atom reduces its capacity to position itself
correctly for crystal face interaction (67).

9.3. MMP inhibitors

The importance of MMP in arthritides including
OA has already been established. The development of
compounds that selectively target OA, are orally
bioavailable and have a low toxicity profile still continues.
Early MMP inhibitors of physiological or chemical origin
including SC-44463, batimastat (BB-94) and ilomastat
(GM-6001), TIMP (see section 5) and alpha2-
macroglobulin (present in the synovial fluid and serum of
normal and OA patients) have been identified. However,
their usage is limited by low oral bioavailability and
inability to penetrate tissue, especially cartilage, due to the
size of the protein/molecule (97, 98).

Second-generation compounds capable of
targeting the MMP active site, MMP expression and
synthesis, which are orally available, are currently being
developed. Marimastat and primomastat (AG-3340)
represent the first orally available MMP inhibitors to be
characterized and have been shown to act on a range of
MMP including MMP-1, -2,-3,-7 and -9 (marimastat) and
MMP-2, -3, -9 and -13 (primomastat). Bisphosphonates
(99) and antibiotic compounds such as doxycycline have
shown potential as MMP inhibitors. A bisphosphonate,
alendronate inhibits MMP-3 activity in RA (100).
Doxycycline inhibits MMP-1, -8 and MMP-13 in TNF-
alpha-stimulated OA chondrocytes, MMP-8 activity and
synthesis in RA synovial fibroblasts and decreases MMP-1
and -13 in OA chondrocytes (101, 102). Agents inhibiting
MMP synthesis include glucocorticoids (dexamethasone)
and retinoids. Dexamethasone inhibits MMP-1 and -3
induced by IL-1 in OA cartilage explant cultures and
bovine articular chondrocytes (103, 104). PC inhibits BCP
crystal-induced MMP production and secretion in HF. The
use of MMP inhibitors in OA could, in the presence or
absence of BCP crystals, protect against progressive and
chronic degeneration of articular tissue.

9.4. Cytokines inhibitors

Natural and /or physiological inhibitors capable
of directly counteracting the binding of cytokines to cells or
reducing the pro-inflammatory level have been identified
such as IL-1 receptor antagonists (IL-1Ra), soluble
receptors (type I and type II soluble IL-1 receptor) and anti-
inflammatory cytokines i.e. IL-4 and -10. Type II IL-1
receptor inhibits IL-1beta-induced NO and PGE, in human
OA chondrocytes and synovial cells and inhibits IL-1beta-
induced MMP production in human OA chondrocytes (105,
106). Similarly, soluble receptors (type I and type II soluble
IL-1 receptor) inhibit NO production in OA chondrocytes.
IL-1 inhibited proteoglycan synthesis that could be
reversed by type II soluble IL-1 receptor (105). Recent
studies suggest that BCP crystals induce IL-1beta in HF
and co-incubation of human osteoarthritic synoviocytes
with BCP and TNF-alpha and/or IL-1 augment the
expression of MMP-1 (75, 76). Since type II IL-1 receptor
inhibits IL-1beta-induced MMP production, which is
induced by BCP crystals, type II IL-1 receptor may have
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potential as a treatment for BCP crystal deposition disease
(105, 106).

9.4.1. Diacerein (IL-1 inhibitor)

Diacerein is a anthraquinone compound currently
under clinical evaluation as a disease modifying OA drug.
Diacerein is well tolerated by most patients and presents
few side effects. A randomized, double-blinded, placebo-
controlled, 3-year study concluded that diacerein retards the
progressive decrease in joint space width in OA patients
(107). Diacerein is as effective as non-steroidal anti-
inflammatory drugs (NSAIDs) in the relief of joint pain and
is effective even after treatment withdrawal (108). In vitro
studies have shown that diacerein augments hyaluronan
synthesis in synovial cells and prevents -cartilage
breakdown by reducing proinflammatory cytokines in
mice. Rhein, an active metabolite of diacerein, suppresses
IL-1alpha-induced proteoglycan degradation and down-
regulates the gene expression of proMMPs-1 and -3 and the
production of proMMP-1, -3, -9 and -13 in cultured
articular chondrocytes (109). In human OA chondrocytes,
both diacerein and rhein inhibit IL-1beta induction of iNOS
synthesis and activity and prevent IL-1beta-induced NF-kB
activation and iNOS expression in bovine chondrocytes
(110, 111). Diacerein and rhein inhibited IL-1beta in OA
chondrocytes and OA synovium and decreased the number
of IL-1 receptors (IL-1R) on OA chondrocytes. This effect
was mediated through a reduction in the level of the type I
IL-1IR as shown by experiments using a blocking
monoclonal antibody against this receptor type. Both agents
also markedly reduced the IL-1 induced synthesis and
expression of stromelysin 1 (112). In experimental dog OA
cartilage,  diacerein  inhibits = chondrocyte = DNA
fragmentation, caspase-3 and iNOS (113). Rhein inhibits
IL-1beta-induced activation of MEK/ERK pathway and
DNA binding of NF-kB and AP-1 transcription factors in
bovine articular chondrocytes (114). BCP crystals activate
various transcription factors including NF-kB, MAPK and
AP-1 and modify signal transduction pathways in vitro.
Since diacerin and rhein inhibit activation of a number of
transcription factors including NF-kB and AP-1, and genes,
which are induced by BCP crystals, diacerin and rhein may
have potential as disease-modifying drugs for BCP crystal
deposition disease.

9.5. COX-2 inhibitors

Selective COX-2 inhibitors are commonly used
to control pain and inflammation in OA. COX-2 inhibitors
act by reducing PG synthesis through the inhibition of
COX-2 activation (115). NSAIDs inhibit PGE, production
and thus partially ameliorate some aspects of the
inflammatory state. BCP crystals have been shown to
induce PGE, production in HF. Aspirin, a nonselective
COX inhibitor and NS398, a selective COX-2 inhibitor
inhibited BCP crystal-induced PGE,. Morgan demonstrated
a 21.4-fold and 8.7-fold increase in PGE, production at 4h
and 30h respectively in HF following stimulation with BCP
crystals. At 4h, the increase in PGE, was inhibited by the
addition of both NS398 and aspirin. At 30h, NS398 no
longer significantly inhibited BCP crystal-induced PGE,
production, but aspirin continued to inhibit to control levels
(64). These findings suggest that BCP crystals are an
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important amplifier of PGE, production through induction
of both COX-1 and -2 enzymes and thereby may contribute
to the severity of BCP crystal-associated OA. The use of
COX inhibitors to reduce inflammation and pain may also
protect against cartilage damage in BCP crystal-associated
OA.

9.6. Glucosamine sulphate and HCL

Glucosamine (2-amino-2-deoxy-D-glucose), a
glycosaminoglycan (GAG) constituent in cartilage matrix
and synovial fluid plays an important role in the formation
and repair of cartilage. Glucosamine has received attention
as a putative disease modifying and chondroprotective
agent for OA (116, 117). A 3-year randomised, double-
blinded placebo-controlled study demonstrated that oral
glucosamine sulphate (GS) retards the radiographic
progression of OA (117). GS prevents structural changes in
the joints of patients with knee OA with a significant
improvement of symptoms (117, 118). In vitro,
glucosamine stimulates synovial cell production of
hyaluronic acid (HA) (119) and stimulates PG synthesis
(120), GAG, aggrecan mRNA and protein levels (116) and
decreases protein kinase C (PKC) (121) and cellular PLA,
activity (121) and matrix metalloproteinase (MMP)-3
production in cultured human OA articular chondrocytes
(116, 121). Glucosamine suppresses neutrophil function in
synovial tissue, inhibits IL-1beta-induced NF-kB activation
and inhibits the generation of superoxide radicals in vitro
(122). Both glucosamine sulfate and HCL prevent
experimentally induced cartilage degradation in vitro (123).
The mechanism of action of glucosamine in OA is
unknown, but its activity is currently attributed to
stimulation of GAG, collagen synthesis, proteoglycans and
hyaluronic acid (122). In vitro studies have shown that
glucosamine HCL  inhibits BCP  crystal-induced
mitogenesis, IL-1beta, TNF-alpha and COX-2 in HF (124).
Glucosamine HCL could retard the progression of OA by
modifying the biological effects of BCP crystals and thus
supports the potential use of glucosamine as a treatment for
BCP crystal deposition diseases.

10. CONCLUSIONS AND PERSPECTIVES

This review highlights the recent advances in our
knowledge of BCP crystal deposition diseases and
discusses the potential therapeutic strategies for BCP
crystal-associated OA. In vitro studies reveal that synovial
lining cells and chondrocytes can be targeted by pro-
inflammatory cytokines, whose actions are further
enhanced by BCP crystals. BCP crystals induce
mitogenesis, proto-oncogene expression and prostaglandin,
cytokine and matrix metalloproteinase (MMP) synthesis
and secretion and activate multiple signal transduction
pathways, which differ depending on the cell type studied.
The lack of a simple, accurate and reliable analytic
procedure hinders the identification of BCP crystals in OA
joints. Current treatment for OA is predominantly focused
on relief of pain and maintenance of quality of life. No
known drug prevents or treats BCP crystal deposition.
Although potential drugs have being identified, treatment
approaches capable of protecting articular tissues from the
effects of BCP crystals remain to be developed. An
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improved understanding of the molecular mechanisms by
which BCP crystals induce joint inflammation and
degeneration is essential for the rational prevention or
reversal of the consequences of calcium-containing crystal
deposition.

11. ACKNOWLEDGEMENTS

This work was supported by The Wellcome
Trust, London, UK (GMC) and the Irish Government’s
Programme for Research in Third Level Institutions
(PRTLI) through the Higher Education Authority (GMC).

12. REFERENCES

1. Misra R. P.: Calcium and disease: molecular determinants
of calcium crystal deposition diseases. Cell Mol Life Sci 57,
421-428 (2000)

2. Carroll G. J, R. A. Stuart, J. A. Armstrong, P. D. Breidahl
& B. A. Laing: Hydroxyapatite crystals are a frequent finding
in osteoarthritic synovial fluid, but are not related to increased
concentrations of keratan sulfate or interleukin 1 beta. J
Rheumatol 18, 861-866 (1991)

3. McCarthy G. M. (1999) Role of crystal deposition in the
osteoarthritic joint. In Experimental and Clinical Aspects of
Osteoarthritis (Reginster J-Y, H. Y., Martel Pelletier J,
Pelletier, J-P, ed) pp. 210-227, Springer-Verlag(1999)

4. McCarty D. J.: Crystal identification in human synovial
fluids. Methods and interpretation. Rheum Dis Clin North Am
14,253-267 (1988)

5. Halverson P. B. & D. J. McCarty: Clinical aspects of basic
calcium phosphate crystal deposition. Rheum Dis Clin North
Am 14, 427-439 (1988)

6. McCarty D. J.: Crystals and arthritis. Dis Mon 40, 255-299
(1994)

7. Halverson P. B.: Arthropathies associated with basic
calcium phosphate crystals. Scanning Microsc 6, 791-796
(1992)

8. Halverson P. B. & D. J. McCarty: Identification of
hydroxyapatite crystals in synovial fluid. Arthritis Rheum 22,
389-395 (1979)

9. Lazcano O., C. Y. Li, R. V. Pierre, J. D. O'Duffy, R. S.
Beissner & P. C. Abell-Aleff: Clinical utility of the alizarin red
S stain on permanent preparations to detect calcium-containing
compounds in synovial fluid. Am J Clin Pathol 99, 90-96
(1993)

10. Hamilton E., M. Pattrick, J. Homby, G. Derrick & M.
Doherty: Synovial fluid calcium pyrophosphate dihydrate
crystals and alizarin red positivity: analysis of 3000 samples.
BrJ Rheumatol 29, 101-104 (1990)

11. Bardin T., B. Bucki, J. Lansaman, E. O. Bravo, A.
Ryckewaert & A. Dryll: [Alizarin red staining of articular
fluids. Comparison of the results with electron microscopy and
clinical data). Rev Rhum Mal Osteoartic 54, 149-154 (1987)
12. Gordon C., A. Swan & P. Dieppe: Detection of crystals in
synovial fluids by light microscopy: sensitivity and reliability.
Ann Rheum Dis 48, 737-742 (1989)

13. Swan A., B. Chapman, P. Heap, H. Seward & P. Dieppe:
Submicroscopic crystals in osteoarthritic synovial fluids. Ann
Rheum Dis 53, 467-470 (1994)

14. Rosenthal A. K. & N. Mandel: Identification of
crystals in synovial fluids and joint tissues. Curr Rheumatol
Rep 3, 11-16 (2001)

537

15. Doyle D. V.: Tissue calcification and inflammation in
osteoarthritis. J Pathol 136, 199-216 (1982)

16. Hashimoto S., R. L. Ochs, F. Rosen, J. Quach, G.
McCabe, J. Solan, J. E. Seegmiller, R. Terkeltaub & M.
Lotz:  Chondrocyte-derived  apoptotic ~ bodies and
calcification of articular cartilage. Proc Natl Acad Sci U S
A 95, 3094-3099 (1998)

17. Derfus B., S. Kranendonk, N. Camacho, N. Mandel, V.
Kushnaryov, K. Lynch & L. Ryan: Human osteoarthritic
cartilage matrix vesicles generate both calcium
pyrophosphate dihydrate and apatite in vitro. Calcif Tissue
Int 63, 258-262 (1998)

18. Einhorn T. A., S. L. Gordon, S. A. Siegel, C. F.
Hummel, M. J. Avitable & R. P. Carty: Matrix vesicle
enzymes in human osteoarthritis. J Orthop Res 3, 160-169
(1985)

19. Ali S. Y. & S. Griffiths (1981) Matrix vesicles and
apatite deposition in osteoarthritis. In Proc 3rd Int Conf on
Matrix Vesicles pp. 241-247, Wichtig Editore, Milano,
Italy (1981)

20. Cheung H. S., J. D. Sallis, P. G. Mitchell & J. A.
Struve: Inhibition of basic calcium phosphate crystal-
induced mitogenesis by phosphocitrate. Biochem Biophys
Res Commun 171, 20-25 (1990)

21. Cheung H. S., M. T. Story & D. J. McCarty: Mitogenic
effects of hydroxyapatite and calcium pyrophosphate
dihydrate crystals on cultured mammalian cells. Arthritis
Rheum 27, 668-674 (1984)

22. Mitchell P. G., J. A. Struve, G. M. McCarthy & H. S.
Cheung: Basic calcium phosphate crystals stimulate cell
proliferation and collagenase message accumulation in
cultured adult articular chondrocytes. Arthritis Rheum 35,
343-350 (1992)

23.  Mitchell P. G., W. J. Pledger & H. S. Cheung:
Molecular mechanism of basic calcium phosphate crystal-
induced mitogenesis. Role of protein kinase C. J Biol Chem
264, 14071-14077 (1989)

24.  Hamilton J. A., G. McCarthy & G. Whitty:
Inflammatory microcrystals induce murine macrophage
survival and DNA synthesis. Arthritis Res 3, 242-246
(2001)

25. Halverson P. B., A. Greene & H. S. Cheung:
Intracellular calcium responses to basic calcium phosphate
crystals in fibroblasts. Osteoarthritis Cartilage 6, 324-329
(1998)

26. McCarthy G. M., A. M. Macius, P. A. Christopherson,
L. M. Ryan & T. Pourmotabbed: Basic calcium phosphate
crystals induce synthesis and secretion of 92 kDa gelatinase
(gelatinase B/matrix metalloprotease 9) in human fibroblasts.
Ann Rheum Dis 57, 56-60 (1998)

27. Borkowf A., H. S. Cheung & D. J. McCarty: Endocytosis
is required for the mitogenic effect of basic calcium phosphate
crystals in fibroblasts. Calcif Tissue Int 40, 173-176 (1987)

28. Cheung H. S. & D. J. McCarty: Mechanisms of
connective tissue damage by crystals containing calcium.
Rheum Dis Clin North Am 14, 365-376 (1988)

29. Owens J. L., H. S. Cheung & D. J. McCarty: Endocytosis
precedes dissolution of basic calcium phosphate crystals by
murine macrophages. Calcif Tissue Int 38, 170-174 (1986)

30. Angel P., I. Baumann, B. Stein, H. Delius, H. J.
Rahmsdorf & P. Herrlich: 12-O-tetradecanoyl-phorbol-13-
acetate induction of the human collagenase gene is



BCP crystals and osteoarthritis

mediated by an inducible enhancer element located in the
5'-flanking region. Mol Cell Biol 7, 2256-2266 (1987)

31. Dayer J. M., B. Beutler & A. Cerami: Cachectin/tumor
necrosis factor stimulates collagenase and prostaglandin E2
production by human synovial cells and dermal fibroblasts.
J Exp Med 162,2163-2168 (1985)

32. Dayer J. M., B. de Rochemonteix, B. Burrus, S.
Demczuk & C. A. Dinarello: Human recombinant
interleukin 1 stimulates collagenase and prostaglandin E2
production by human synovial cells. J Clin Invest 77, 645-
648 (1986)

33. Halverson P. B., G. F. Carrera & D. J. McCarty:
Milwaukee shoulder syndrome. Fifteen additional cases
and a description of contributing factors. Arch Intern Med
150, 677-682 (1990)

34. Bai G., D. S. Howell, G. A. Howard, B. A. Roos & H.
S. Cheung: Basic calcium phosphate crystals up-regulate
metalloproteinases but down-regulate tissue inhibitor of
metalloproteinase-1 and -2 in human fibroblasts.
Osteoarthritis Cartilage 9, 416-422 (2001)

35. Cheung H. S., P. B. Halverson & D. J. McCarty:
Release of collagenase, neutral protease, and prostaglandins
from cultured mammalian synovial cells by hydroxyapatite
and calcium pyrophosphate dihydrate crystals. Arthritis
Rheum 24, 1338-1344 (1981)

36. McCarthy G. M., P. G. Mitchell, J. A. Struve & H. S.
Cheung: Basic calcium phosphate crystals cause coordinate
induction and secretion of collagenase and stromelysin. J
Cell Physiol 153, 140-146 (1992)

37. Cheung H. S., P. B. Halverson & D. J. McCarty:
Phagocytosis of hydroxyapatite or calcium pyrophosphate
dihydrate crystals by rabbit articular chondrocytes
stimulates release of collagenase, neutral protease, and
prostaglandins E2 and F2 alpha. Proc Soc Exp Biol Med
173, 181-189 (1983)

38. Reuben P. M., L. Wenger, M. Cruz & H. S. Cheung:
Induction of matrix metalloproteinase-8 in human
fibroblasts by basic calcium phosphate and calcium
pyrophosphate dihydrate crystals: effect of phosphocitrate.
Connect Tissue Res 42, 1-12 (2001)

39. McCarthy G. M., P. G. Mitchell & H. S. Cheung: The
mitogenic response to stimulation with basic calcium
phosphate crystals is accompanied by induction and
secretion of collagenase in human fibroblasts. Arthritis
Rheum 34, 1021-1030 (1991)

40. McCarthy G. M., J. A. Augustine, A. S. Baldwin, P. A.
Christopherson, H. S. Cheung, P. R. Westfall & R. L
Scheinman: Molecular mechanism of basic calcium
phosphate crystal-induced activation of human fibroblasts.
Role of nuclear factor kappa B, activator protein 1, and
protein kinase C. J Biol Chem 273, 35161-35169 (1998)

41. Stetler-Stevenson W. G., P. D. Brown, M. Onisto, A.
T. Levy & L. A. Liotta: Tissue inhibitor of
metalloproteinases-2 (TIMP-2) mRNA expression in tumor
cell lines and human tumor tissues. J Biol Chem 265,
13933-13938 (1990)

42. Tamarina N. A., W. D. McMillan, V. P. Shively & W.
H. Pearce: Expression of matrix metalloproteinases and
their inhibitors in aneurysms and normal aorta. Surgery
122, 264-271; discussion 271-262 (1997)

43. Fabunmi R. P., A. H. Baker, E. J. Murray, R. F. Booth
& A. C. Newby: Divergent regulation by growth factors

538

and cytokines of 95 kDa and 72 kDa gelatinases and tissue
inhibitors or metalloproteinases-1, -2, and -3 in rabbit aortic
smooth muscle cells. Biochem J 315 ( Pt 1), 335-342
(1996)

44. Yao P. M., B. Maitre, C. Delacourt, J. M. Buhler, A.
Harf & C. Lafuma: Divergent regulation of 92-kDa
gelatinase and TIMP-1 by HBECs in response to IL-1beta
and TNF-alpha. Am J Physiol 273, L866-874 (1997)

45. Leco K. J., L. J. Hayden, R. R. Sharma, H. Rocheleau,
A. H. Greenberg & D. R. Edwards: Differential regulation
of TIMP-1 and TIMP-2 mRNA expression in normal and
Ha-ras-transformed murine fibroblasts. Gene 117, 209-217
(1992)

46. Martel-Pelletier J., R. McCollum, N. Fujimoto, K.
Obata, J. M. Cloutier & J. P. Pelletier: Excess of
metalloproteases over tissue inhibitor of metalloprotease
may contribute to cartilage degradation in osteoarthritis and
rheumatoid arthritis. Lab Invest 70, 807-815 (1994)

47. Dayer J. M., V. Evequoz, C. Zavadil-Grob, M. D.
Grynpas, P. T. Cheng, J. Schnyder, U. Trechsel & H.
Fleisch: Effect of synthetic calcium pyrophosphate and
hydroxyapatite crystals on the interaction of human blood
mononuclear cells with chondrocytes, synovial cells, and
fibroblasts. Arthritis Rheum 30, 1372-1381 (1987)

48. McCarty D. J.: Calcium pyrophosphate dihydrate
crystal deposition in rheumatoid arthritis. Arthritis Rheum
28, 717-719 (1985)

49. McCarty D. J. & H. S. Cheung: Prostaglandin (PG) E2
generation by cultured canine synovial fibroblasts exposed
to microcrystals containing calcium. Ann Rheum Dis 44,
316-320 (1985)

50. Dietrich J. W. & L. G. Raisz: Prostaglandin in calcium
and bone metabolism. Clin Orthop, 228-237 (1975)

51. Dietrich J. W., J. M. Goodson & L. G. Raisz:
Stimulation of bone resorption by various prostaglandins in
organ culture. Prostaglandins 10, 231-240 (1975)

52. Lader C. S. & A. M. Flanagan: Prostaglandin E2,
interleukin lalpha, and tumor necrosis factor-alpha increase
human osteoclast formation and bone resorption in vitro.
Endocrinology 139, 3157-3164 (1998)

53. Hla T. & T. Maciag: Cyclooxygenase gene expression
is down-regulated by heparin-binding (acidic fibroblast)
growth factor-1 in human endothelial cells. J Biol Chem
266, 24059-24063 (1991)

54. Samet J. M., M. B. Fasano, A. N. Fonteh & F. H.
Chilton: Selective induction of prostaglandin G/H synthase
I by stem cell factor and dexamethasone in mast cells. J
Biol Chem 270, 8044-8049 (1995)

55. Hardy M. M., K. Seibert, P. T. Manning, M. G. Currie,
B. M. Woerner, D. Edwards, A. Koki & C. S. Tripp:
Cyclooxygenase 2-dependent prostaglandin E2 modulates
cartilage proteoglycan degradation in human osteoarthritis
explants. Arthritis Rheum 46, 1789-1803 (2002)

56. Attur M. G,, I. R. Patel, R. N. Patel, S. B. Abramson &
A. R. Amin: Autocrine production of IL-1 beta by human
osteoarthritis-affected cartilage and differential regulation
of endogenous nitric oxide, IL-6, prostaglandin E2, and IL-
8. Proc Assoc Am Physicians 110, 65-72 (1998)

57. DiBattista J. A., J. Martel-Pelletier, J. M. Cloutier & J.
P. Pelletier: Modulation of glucocorticoid receptor
expression in human articular chondrocytes by cAMP and
prostaglandins. J Rheumatol Suppl 27, 102-105 (1991)



BCP crystals and osteoarthritis

58. DiBattista J. A., J. Martel-Pelletier, N. Fujimoto, K.
Obata, M. Zafarullah & J. P. Pelletier: Prostaglandins E2
and E1 inhibit cytokine-induced metalloprotease expression
in human synovial fibroblasts. Mediation by cyclic-AMP
signalling pathway. Lab Invest 71, 270-278 (1994)

59. Di Battista J. A., S. Dore, J. Martel-Pelletier & J. P.
Pelletier: Prostaglandin E2 stimulates incorporation of
proline into collagenase digestible proteins in human
articular chondrocytes: identification of an effector
autocrine loop involving insulin-like growth factor 1. Mol
Cell Endocrinol 123, 27-35 (1996)

60. Di Battista J. A., S. Dore, N. Morin, Y. He, J. P.
Pelletier & J. Martel-Pelletier: Prostaglandin E2 stimulates
insulin-like growth factor binding protein-4 expression and
synthesis in cultured human articular chondrocytes:
possible mediation by Ca(++)-calmodulin regulated
processes. J Cell Biochem 65, 408-419 (1997)

61. Blanco F. J. & M. Lotz: IL-1-induced nitric oxide
inhibits chondrocyte proliferation via PGE2. Exp Cell Res
218, 319-325 (1995)

62. Yamamoto M., M. Yasuda, S. Shiokawa & M.
Nobunaga: Intracellular signal transduction in proliferation
of synovial cells. Clin Rheumatol 11, 92-96 (1992)

63. Cheung H. S., T. R. Devine & W. Hubbard: Calcium
phosphate particle induction of metalloproteinase and
mitogenesis: effect of particle sizes. Osteoarthritis
Cartilage 5, 145-151 (1997)

64. Morgan M. P., L. C. Whelan, J. D. Sallis, C. J.
McCarthy, D. J. Fitzgerald & G. M. McCarthy: Basic
calcium phosphate crystal-induced prostaglandin E2
production in human fibroblasts: Role of cyclooxygenase 1,
cyclooxygenase 2, and interleukin-1beta. Arthritis Rheum
50, 1642-1649 (2004)

65. McCarthy G. M., P. G. Mitchell & H. S. Cheung:
Misoprostol, a prostaglandin E1 analogue, inhibits basic
calcium phosphate crystal-induced mitogenesis and
collagenase accumulation in human fibroblasts. Calcif
Tissue Int 52, 434-437 (1993)

66. Rothenberg R. J. & H. Cheung: Rabbit synoviocyte
inositol phospholipid metabolism is stimulated by
hydroxyapatite crystals. Am J Physiol 254, C554-559
(1988)

67. Nair D., R. P. Misra, J. D. Sallis & H. S. Cheung:
Phosphocitrate inhibits a basic calcium phosphate and
calcium pyrophosphate dihydrate crystal-induced mitogen-
activated protein kinase cascade signal transduction
pathway. J Biol Chem 272, 18920-18925 (1997)

68. Brogley M. A., M. Cruz & H. S. Cheung: Basic
calcium phosphate crystal induction of collagenase 1 and
stromelysin expression is dependent on a p42/44 mitogen-
activated protein kinase signal transduction pathway. J Cell
Physiol 180, 215-224 (1999)

69. Sun Y., L. Wenger, C. E. Brinckerhoff, R. R. Misra &
H. S. Cheung: Basic calcium phosphate crystals induce
matrix metalloproteinase-1 through the Ras/mitogen-
activated protein kinase/c-Fos/AP-1/metalloproteinase 1
pathway. Involvement of transcription factor binding sites
AP-1 and PEA-3. J Biol Chem 277, 1544-1552 (2002)

70. Zeng X. R., Y. Sun, L. Wenger & H. S. Cheung:
Induction of early growth response gene Egr2 by basic
calcium phosphate crystals through a calcium-dependent
protein kinase C-independent p44/42 mitogen-activated

539

protein kinase pathway. Cells Tissues Organs 174, 63-72
(2003)

71. Malemud C. J.: Cytokines as therapeutic targets for
osteoarthritis. BioDrugs 18, 23-35 (2004)

72. Pelletier J. P., P. J. Roughley, J. A. DiBattista, R.
McCollum & J. Martel-Pelletier: Are cytokines involved in
osteoarthritic pathophysiology? Semin Arthritis Rheum 20,
12-25 (1991)

73. Patel I. R., M. G. Attur, R. N. Patel, S. A. Stuchin, R.
A. Abagyan, S. B. Abramson & A. R. Amin: TNF-alpha
convertase enzyme from human arthritis-affected cartilage:
isolation of cDNA by differential display, expression of the
active enzyme, and regulation of TNF-alpha. J Immunol
160, 4570-4579 (1998)

74. Mitchell P. G. & H. S. Cheung: Tumor necrosis factor
alpha and epidermal growth factor regulation of
collagenase and stromelysin in adult porcine articular
chondrocytes. J Cell Physiol 149, 132-140 (1991)

75. McCarthy G. M., P. R. Westfall, I. Masuda, P. A.
Christopherson, H. S. Cheung & P. G. Mitchell: Basic
calcium phosphate crystals activate human osteoarthritic
synovial fibroblasts and induce matrix metalloproteinase-
13 (collagenase-3) in adult porcine articular chondrocytes.
Ann Rheum Dis 60, 399-406 (2001)

76. Whelan L. C., M. P. Morgan, J. M. O' Byrne & G. M.
McCarthy: BCP crystals induce IL-lbeta production in
human fibroblasts but induce matrix metalloproteinase-1
independent of an autocrine route via IL-1b. Ir J Med Sci
170(2001)

77. Naughton D. P.: Iron(IlI)-mediated intra-articular crystal
deposition in arthritis: a therapeutic role for iron chelators. Med
Hypotheses 57, 120-122 (2001)

78. Sallis J. D. & H. S. Cheung: Inhibitors of articular calcium
crystal formation. Curr Opin Rheumatol 15, 321-325 (2003)
79. Becker G. L., C. H. Chen, J. W. Greenawalt & A. L.
Lehninger: Calcium phosphate granules in the hepatopancreas
of the blue crab Callinectes sapidus. J Cell Biol 61, 316-326
(1974)

80. Howard J. E.: Studies on urinary stone formation: a saga
of clinical investigation. Johns Hopkins Med J 139, 239-252
(1976)

81. Cheung H. S.: Phosphocitrate as a potential therapeutic
strategy for crystal deposition disease. Curr Rheumatol Rep 3,
24-28 (2001)

82. Tew W. P., C. Mahle, J. Benavides, J. E. Howard & A. L.
Lehninger: Synthesis and characterization of phosphocitric
acid, a potent inhibitor of hydroxylapatite crystal growth.
Biochemistry 19, 1983-1988 (1980)

83. Shankar R., S. Crowden & J. D. Sallis: Phosphocitrate and
its analogue N-sulpho-2-amino tricarballylate inhibit aortic
calcification. Atherosclerosis 52, 191-198 (1984)

84. Shankar R., M. R. Brown, L. K. Wong & J. D. Sallis:
Effectiveness of phosphocitrate and N-sulpho-2-amino
tricarballylate, a new analogue of phosphocitrate, in blocking
hydroxyapatite induced crystal growth and calcium
accumulation by matrix vesicles. Experientia 40, 265-267
(1984)

85. Mclnnes 1. B., B. P. Leung, M. Field, X. Q. Wei, F. P.
Huang, R. D. Sturrock, A. Kinninmonth, J. Weidner, R.
Mumford & F. Y. Liew: Production of nitric oxide in the
synovial membrane of rheumatoid and osteoarthritis
patients. J Exp Med 184, 1519 (1996)



BCP crystals and osteoarthritis

86. Nair D., R. P. Misra, J. D. Sallis & H. S. Cheung:
Phosphocitrate inhibits a basic calcium phosphate and
calcium pyrophosphate dihydrate crystals-induced mitogen-
activated protein kinase cascade signal transduction
pathway. J Biol Chem 272, 18920-18925 (1997)

87. Cheung H. S. & L. M. Ryan: Phosphocitrate blocks
nitric oxide-induced calcifications of cartilage and
chondrocyte-derived apoptotic  bodies.  Osteoarthritis
Cartilage 7, 409-412 (1999)

88. Reuben P. M., L. Wenger, M. Cruz & H. S. Cheung:
Induction of matrix metalloproteinase-8 in human
fibroblasts by basic calcium phosphate and calcium
pyrophosphate dihydrate crystals: effect of phosphocitrate.
Connect. Tissue Res 42, 1-12 (2001)

89. Krug H. E., M. L. Mahowald, P. B. Halverson, J. D.
Sallis & H. S. Cheung: Phosphocitrate prevents disease
progression in murine progressive ankylosis. Arthritis
Rheum. 36, 1603-1611. (1993)

90. Sun Y., X. R. Zeng, L. Wenger & H. S. Cheung: Basic
calcium phosphate crystals stimulate the endocytotic
activity of cells--inhibition by anti-calcification agents.
Biochem Biophys Res Commun 312, 1053-1059 (2003)

91. Cheung H. S., . V. Kurup, J. D. Sallis & L. M. Ryan:
Inhibition of calcium pyrophosphate dihydrate crystal
formation in articular cartilage vesicles and cartilage by
phosphocitrate. J Biol Chem 271, 28082-28085 (1996)

92. Wierzbicki A., C. S. Sikes, J. D. Sallis, J. D. Madura,
E. D. Stevens & K. L. Martin: Scanning electron
microscopy and molecular modeling of inhibition of
calcium oxalate monohydrate crystal growth by citrate and
phosphocitrate. Calcif Tissue Int 56, 297-304 (1995)

93. Nancollas G. H., S. A. Smesko, A. A. Campbell, C. F.
Richardson, M. Johnsson, R. A. Iadiccico, J. P. Binette &
M. Binette: Physical chemical studies of calcium oxalate
crystallization. Am J Kidney Dis 17,392-395 (1991)

94. Wierzbicki A. & H. Cheung: Molecular modeling of
inhibition of crystals of CPPD by phosphocitrate. J Mol Struct
Theochem 454, 287-291 (1998)

95. Wierzbicki A. & H. Cheung: Molecular modeling of
inhibition of crystals of hydroxyapatite crystal by
phosphocitrate. J Mol Struct Theochem (2001)

96. Williams G. & J. D. Sallis: Structural factors influencing
the ability of compounds to inhibit hydroxyapatite formation.
Calcif Tissue Int 34, 169-177 (1982)

97. Martel-Pelletier J., J. P. Raynauld & J. P. Pelletier:
Quantitative imaging of the structural changes of osteoarthritis:
an exciting challenge for the new millennium. Curr Rheumatol
Rep 3, 465-466 (2001)

98. Martel-Pelletier J., D. J. Welsch & J. P. Pelletier:
Metalloproteases and inhibitors in arthritic diseases. Best Pract
Res Clin Rheumatol 15, 805-829 (2001)

99. Fleisch H. A.: Bisphosphonates: preclinical aspects and
use in osteoporosis. Ann Med 29, 55-62 (1997)

100. Konttinen Y. T., T. Salo, R. Hanemaaijer, H. Valleala, T.
Sorsa, M. Sutinen, A. Ceponis, J. W. Xu, S. Santavirta, O.
Teronen & C. Lopez-Otin: Collagenase-3 (MMP-13) and its
activators in rheumatoid arthritis: localization in the pannus-
hard tissue junction and inhibition by alendronate. Matrix Biol
18,401-412 (1999)

101. Shlopov B. V., G. N. Smith, Jr., A. A. Cole & K. A.
Hasty: Differential patterns of response to doxycycline and
transforming growth factor betal in the down-regulation of

540

collagenases in osteoarthritic and normal human chondrocytes.
Arthritis Rheum 42, 719-727 (1999)

102. Shlopov B. V., J. M. Stuart, M. L. Gumanovskaya & K.
A. Hasty: Regulation of cartilage collagenase by doxycycline.
J Rheumatol 28, 835-842 (2001)

103. Saito S., M. Katoh, M. Masumoto, S. Matsumoto & Y.
Masuho: Dexamethasone inhibits collagen degradation
induced by the combination of interleukin-1 and plasminogen
in cartilage explant culture. Biol Pharm Bull 22, 727-730
(1999)

104. Sadowski T. & J. Steinmeyer: Effects of non-steroidal
antiinflammatory drugs and dexamethasone on the activity and
expression of  matrix  metalloproteinase-1,  matrix
metalloproteinase-3 and tissue inhibitor of metalloproteinases-
1 by bovine articular chondrocytes. Osteoarthritis Cartilage 9,
407-415 (2001)

105. Amin A. R.:: Type II interleukin-lbeta receptor: a
candidate for gene therapy in human arthritis. Clin Orthop,
S179-188 (2000)

106. Attur M. G., M. Dave, C. Cipolletta, P. Kang, M. B.
Goldring, I. R. Patel, S. B. Abramson & A. R. Amin: Reversal
of autocrine and paracrine effects of interleukin 1 (IL-1) in
human arthritis by type II IL-1 decoy receptor. Potential for
pharmacological intervention. J Biol Chem 275, 40307-40315
(2000)

107. Dougados M., M. Nguyen, L. Berdah, B. Mazieres, E.
Vignon & M. Lequesne: Evaluation of the structure-modifying
effects of diacerein in hip osteoarthritis: ECHODIAH, a three-
year, placebo-controlled trial.  Evaluation of the
Chondromodulating Effect of Diacerein in OA of the Hip.
Arthritis Rheum 44, 2539-2547 (2001)

108. Provvedini D. & P. Cohen: [Efficacy of diacerein on the
symptoms and radiographic progression of osteoarthritis].
Presse Med 31, 4S13-15 (2002)

109. Tamura T., N. Kosaka, J. Ishiwa, T. Sato, H. Nagase &
A. Tto: Rhein, an active metabolite of diacerein, down-
regulates the production of pro-matrix metalloproteinases-1, -
3, -9 and -13 and up-regulates the production of tissue inhibitor
of metalloproteinase-1 in cultured rabbit articular
chondrocytes. Osteoarthritis Cartilage 9, 257-263 (2001)

110. Pelletier J. P., F. Mineau, J. C. Fernandes, N. Duval & J.
Martel-Pelletier: Diacerhein and rhein reduce the interleukin
Ibeta stimulated inducible nitric oxide synthesis level and
activity while stimulating cyclooxygenase-2 synthesis in
human osteoarthritic chondrocytes. J Rheumatol 25, 2417-
2424 (1998)

111. Mendes A. F., M. M. Caramona, A. P. de Carvalho & M.
C. Lopes: Diacerhein and rhein prevent interleukin-1beta-
induced nuclear factor-kappaB activation by inhibiting the
degradation of inhibitor kappaB-alpha. Pharmacol Toxicol 91,
22-28 (2002)

112. Martel-Pelletier J., F. Mineau, F. C. Jolicoeur, J. M.
Cloutier & J. P. Pelletier: In vitro effects of diacerhein and
rhein on interleukin 1 and tumor necrosis factor-alpha systems
in human osteoarthritic synovium and chondrocytes. J
Rheumatol 25, 753-762 (1998)

113. Pelletier J. P., F. Mineau, C. Boileau & J. Martel-
Pelletier: Diacerein reduces the level of cartilage chondrocyte
DNA fragmentation and death in experimental dog
osteoarthritic cartilage at the same time that it inhibits caspase-
3 and inducible nitric oxide synthase. Clin Exp Rheumatol
21, 171-177 (2003)



BCP crystals and osteoarthritis

114. Martin G., P. Bogdanowicz, F. Domagala, H. Ficheux
& J. P. Pujol: Rhein inhibits interleukin-1 beta-induced
activation of MEK/ERK pathway and DNA binding of NF-
kappa B and AP-1 in chondrocytes cultured in hypoxia: a
potential mechanism for its disease-modifying effect in
osteoarthritis. Inflammation 27, 233-246 (2003)

115. Kismet K., M. T. Akay, O. Abbasoglu & A. Ercan:
Celecoxib: a potent cyclooxygenase-2 inhibitor in cancer
prevention. Cancer Detect Prev 28, 127-142 (2004)

116. Dodge G. R. & S. A. Jimenez: Glucosamine sulfate
modulates the levels of aggrecan and matrix
metalloproteinase-3  synthesized by cultured human
osteoarthritis  articular  chondrocytes.  Osteoarthritis
Cartilage 11, 424-432 (2003)

117. Reginster J. Y., R. Deroisy, L. C. Rovati, R. L. Lee,
E. Lejeune, O. Bruyere, G. Giacovelli, Y. Henrotin, J. E.
Dacre & C. Gossett: Long-term effects of glucosamine
sulphate on osteoarthritis progression: a randomised,
placebo-controlled clinical trial. Lancet 357, 251-256
(2001)

118. Pavelka K., J. Gatterova, M. Olejarova, S. Machacek,
G. Giacovelli & L. C. Rovati: Glucosamine sulfate use and
delay of progression of knee osteoarthritis: a 3-year,
randomized, placebo-controlled, double-blind study. Arch
Intern Med 162, 2113-2123 (2002)

119. McCarty M. F.: Enhanced synovial production of
hyaluronic acid may explain rapid clinical response to high-
dose glucosamine in osteoarthritis. Med Hypotheses 50,
507-510 (1998)

120. Bassleer C., L. Rovati & P. Franchimont: Stimulation
of proteoglycan production by glucosamine sulfate in
chondrocytes isolated from human osteoarthritic articular
cartilage in vitro. Osteoarthritis Cartilage 6, 427-434
(1998)

121. Piperno M., P. Reboul, M. P. Hellio Le Graverand,
M. J. Peschard, M. Annefeld, M. Richard & E. Vignon:
Glucosamine sulfate modulates dysregulated activities of
human osteoarthritic chondrocytes in vitro. Osteoarthritis
Cartilage 8, 207-212 (2000)

122. Matheson A. J. & C. M. Perry: Glucosamine : A
Review of its Use in the Management of Osteoarthritis.
Drugs Aging 20, 1041-1060 (2003)

123. Fenton J. 1., K. A. Chlebek-Brown, T. L. Peters, J. P.
Caron & M. W. Orth: The effects of glucosamine
derivatives on equine articular cartilage degradation in
explant culture. Osteoarthritis Cartilage 8, 444-451 (2000)
124. Whelan L. C., M. Trevis, M. Park, K. Nolan & G.
McCarthy: Glucosamine and razoxane reverse basic
calcium phosphate crystal-induced mitogenesis and IL-
Ibeta, TNFalpha and COX-2 mRNA expression in human
fibroblasts. Arthritis Rheum 48, S661 (2003)

Key Words: BCP Crystals, Osteoarthritis, Mitogenesis,
Matrix Metalloproteinases, Phosphocitrate, Review

Send correspondence to: Dr Geraldine M. McCarthy,
Clinical Pharmacology, Royal College of Surgeons in
Ireland, 123 St. Stephens Green, Dublin 2., Ireland, Tel:
353-1- 8858753, Fax:  353-1-8858689, E-mail:
gmccarthy(@rcsi.ie

http://www.bioscience.org/current/vol10.htm

541



