Abnormal Cancellous Bone Collagen Metabolism in Osteoarthritis
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Abstract

Biochemical investigations into the pathogenesis of osteoar-
thritis have, for the last two decades, concentrated on the
mechanisms involved in the destruction of the articular car-
tilage. Although bone changes are known to occur, the bio-
chemistry of the collagenous matrix within osteoarthritic
bone has received scant attention. We report that bone col-
lagen metabolism is increased within osteoarthritic femoral
heads, with the greatest changes occurring within the sub-
chondral zone. Collagen synthesis and its potential to min-
eralize were determined by the carboxy-terminal propeptide
content and alkaline phosphatase activity, respectively.
These data supported elevated new matrix formation. Our
finding of a three- to fourfold increase in TGF-f3 in osteoar-
thritic bone indicates that this might represent a stimulus
for the increased collagen synthesis observed. Of additional
significance is the hypomineralization of deposited collagen
in the subchondral zone of osteoarthritic femoral heads,
supporting a greater proportion of osteoid in the diseased
tissue. The cross-linking of collagen was similar to that ob-
served for controls. In addition, the degradative potential of
osteoarthritic bone was considerably higher as demon-
strated by increased matrix metalloproteinase 2 activity,
and again the greater activity was associated with the sub-
chondral bone tissue.

The polarization exhibited in the metabolism of bone col-
lagen from osteoarthritic hips might exacerbate the proces-
ses involved in joint deterioration by altering joint morphol-
ogy. This in turn may alter the distribution of mechanical
forces to the various tissues, to which bone is a sensitive re-
sponder. Bone collagen metabolism is clearly an important
factor in the pathogenesis of osteoarthritis and certainly
warrants further biochemical study. (J. Clin. Invest. 1998.
101:1596-1603.) Key words: osteoarthritis « bone « collagen «
gelatinase « procollagen

Introduction

Osteoarthritis (OA)' represents a major cause of disability,
particularly among the aging population; indeed, OA is the
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most common form of joint disease (1). Despite much research
into this condition, the etiology of OA is unknown, but it is
generally agreed to be multifactorial. OA is invariably de-
scribed as a loss of articular cartilage, with joint space narrow-
ing accompanied by secondary bone changes. Consequently,
the main thrust of research into OA has focused on the carti-
lage, the loss of which is believed by many to represent the ini-
tial event responsible for joint destruction, pain, and disability.
Therefore, biochemical analysis of the underlying bone tissue
has received scant attention despite the well known changes
that occur, such as the formation of osteophytes and subchon-
dral cysts, which are striking characteristics of the disease (2).
Further, early histological analyses (3-5) provided some indi-
cation of unusual bone remodeling in OA, in particular that
matrix deposition exceeded mineralization. Changes within
the subchondral bone have been reported by Radin and his
colleagues (6, 7), who postulated that a thickening of the un-
derlying bone was a consequence of healing microfractures,
which in turn resulted in disease development, but direct bio-
chemical evidence was not available. Renewed interest regard-
ing the importance of bone tissue in OA has come from the
technetium uptake studies of Dieppe et al. (8), the increased
bone uptake of technetium-labeled bisphosphonate correlat-
ing with disease severity in terms of joint space narrowing. Al-
though of value in describing tissue changes in OA, these scin-
tigraphic analyses extend only to the inorganic phase of bone;
what peculiarities there might be to the collagenous scaffold
into which the mineral is impregnated remain unknown.

The major component of joint tissues is bone, the metabo-
lism and composition of which are fundamental to the biome-
chanical competence and overall health of the joint. Fibrous
type I collagen is the major structural component of bone, ac-
counting for ~ 90% of the organic matrix. The function of the
small amount of type V collagen (~ 3%) is uncertain, but based
on the retention of its amino-terminal propeptide, it may be in-
volved in regulation of type I collagen fiber size (9). In addi-
tion to its important supportive role, collagen provides a
means of cellular communication, notably to the osteoblasts
and osteocytes, a main function of which is believed to be the
transduction of mechanical stimuli, which has important con-
sequences for the regulation of bone mass (10-12).

The remodeling of bone tissue, whatever the stimulus, in-
volves the synthesis and degradation of the collagenous frame-
work. Our preliminary studies (13) demonstrated increased
matrix metalloprotease (MMP) activity, but whether this is
correlated with increased collagen synthesis or whether turn-

1. Abbreviations used in this paper: AP, alkaline phosphatase; DC,
distal compartment; DHLNL, dihydroxylysinonorleucine; HP, hy-
droxylysyl pyridinoline; LHNL, lysinohydroxynorleucine; MMP, ma-
trix metalloprotease; MT1-MMP, membrane-associated MMP; OA,
osteoarthritis; PC, proximal compartment; PICP, carboxy-terminal
propeptide of type I collagen; TIMP, tissue inhibitor of MMPs.



over is uniform within the femoral head was not determined.
Coordination of skeletal tissue turnover is fundamental to
maintaining joint morphology, as highlighted, for example, in
the “patchy” deformity associated with Paget’s disease (14).

In this study, we have examined the difference in collagen
synthesis between OA and nonarthritic controls by analysis of
tissue alkaline phosphatase (AP) and the carboxy-terminal
propeptide of type I collagen (PICP). The content of calcium
in relation to the existing collagenous matrix was also deter-
mined, to compare the extent of tissue mineralization between
control and OA cancellous bone tissue. Additional composi-
tional studies focused on the cross-linking of collagen, namely
the pyridinium and keto-imine cross-linking amino acids. Fi-
nally, the potential of bone tissue to degrade the collagen by
members of the MMPs also formed part of the investigation.
We have concentrated our efforts on gelatinase A, the most
widely distributed MMP, which was reported recently to be ca-
pable of cleaving native fibrillar collagens (15). Furthermore,
its activation is mediated by a specific mechanism (16), namely
by the actions of a membrane-associated MMP (MT1-MMP),
providing for selective potentiation independent of other
MMPs. Furthermore, we have previously reported increased
levels of pro and active gelatinase A in OA cancellous bone
(13), an enzyme also found to be regulated by parathormone
and estrogen in rat bone in vivo (17), and therefore considered
to be important in bone collagen turnover.

Methods

Source of hip joints

12 OA femoral heads were kindly provided by Dr. Carole Westacott
(Rheumatology Unit, University of Bristol). These specimens were
collected from elderly (65-90 yr) females immediately after hip ar-
throplasty at the Bristol Royal Infirmary. Seven normal femoral
heads were obtained at postmortem. These normal specimens were
taken from cadavers within 48 h after death and stored at 4°C. After
collection, both OA and control specimens were stored frozen at
—20°C, and analyses were completed within 2 mo of surgery.

Tissue preparation

Using a fine band saw, all femoral heads were sliced through the cen-
ter to obtain a 2-3-mm section of tissue. Two discs of cancellous bone
were isolated using a punch from each slice. The relationship of the
sampled sites to the femoral head is presented in Fig. 1. A site imme-
diately below (1 cm) and central to the insertion site of the Ligamen-
tum teres is referred to as the proximal compartment (PC), and the
second sample site, the distal compartment (DC), was taken near the
existing head/neck junction. Unless stated otherwise, a total of seven
PC and seven DC sites were taken from the normal femoral heads,
and a total of twelve PC and twelve DC sites were taken for the OA
specimens. All sampled sites were snap-frozen in liquid nitrogen and
milled to a powder using a stainless steel mill which had been pre-
cooled using liquid nitrogen. Approximately 150 mg of powdered bone
was dispensed into polypropylene tubes (6 ml; Sarstedt Ltd., Leices-
ter, UK) and extracted with 1.8 ml of 10 mM triethanolamine (Sigma
Chemical Co., Poole, Dorset, UK), pH 7.5, as described previously
(13). Specimens were mixed thoroughly using micro stirring bars (5 X
3 mm; Jencons [Scientific] Ltd., Leighton Buzzard, UK) over a mag-
netic stirring plate. After stirring the samples at 4°C for 1.5 h, samples
were centrifuged for 10 min at 10,000 rpm. An aliquot (1.3 ml) of the
extract was used for MMP determinations, and the remainder was di-
vided for analysis of total protein, AP, and PICP. The insoluble pellet
was analyzed for collagen content, calcium content, collagen cross-
linking amino acids, and TGF-B.

Figure 1. A slice from a human OA femoral head depicting the rela-
tionship of the two cancellous bone sample sites isolated for biochem-
ical analysis. Each femoral head was sliced using a band saw in the
plane of the long axis of the diaphysis. Each sample was isolated us-
ing a circular punch from a 2-3-mm-thick section of each femoral
head.

Soluble tissue components

PICP. The PICP content of tissue supernatants (100 pl of the origi-
nal tissue extract per analysis) was quantified using the Prolagen-C®
ELISA format (Metra Biosystems, Inc., Oxford, UK) according to
the manufacturer’s instructions. The Prolagen-C® assay is a sandwich
immunoassay in a microtiter plate format using an anti-PICP mAb
coated to the plate. A rabbit anti-PICP antiserum, a goat anti-rabbit
AP conjugate, and a p-nitrophenol phosphate substrate allow for
quantification of the propeptide in tissue extracts. Developed plates
were read at 405 nm using a microtiter plate reader (Multiskan MCC/
340; Labsystems, Helsinki, Finland). The presence of PICP in the ex-
tracellular space stoichiometrically reflects type I collagen synthesis
(18). PICP was readily extracted from tissue samples, and using the
Prolagen-C® assay, it was found that ~ 85-90% was recovered in
the extraction procedure adopted on a separate set of samples. After
the initial extraction, supernatants were harvested as described ear-
lier, and the remaining matrix was resuspended in 1.8 ml of fresh 10 mM
triethanolamine buffer. The extraction procedure was repeated an
additional two times. Aliquots from each supernatant were assayed
for PICP concentration, and from the data collected, an estimate of
the extraction efficiency could be calculated. Further, duplicate speci-
mens gave comparable extraction data; the observed differences be-
tween duplicate samples were < 10%. Tissue PICP is expressed in re-
lation to extracted protein (nanograms of PICP per milligram of
protein).

AP. Analysis of tissue AP, a useful index of matrix formation and
mineralization (19), was identical to that detailed previously (13).
Briefly, undiluted aliquots were assayed for the enzyme using a spe-
cific autoanalyzer (Kone Instruments Corp., Espoo, Finland) with
p-nitrophenol phosphate as substrate. The levels of the enzyme are
expressed in relation to the extracted protein (units of activity per
milligram of protein).

Protein quantification. Protein in undiluted tissue extracts was
analyzed on a Cobas Bio system (F. Hoffmann-La Roche, Ltd., Wel-
wyn Garden City, UK) and determined using Bradford reagent (610-2;
Sigma Chemical Co.). The protein standards used in the assay ranged
between 15 and 50 mg/dl (610-11; Sigma Chemical Co.).

MMPs. Aliquots (1.3 ml) from each preparation were dispensed
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into preweighed microcentrifuge tubes, frozen, and lyophilized. After
drying, these samples were reconstituted appropriately and prepared
for gelatin gel electrophoresis to identify pro and active gelatinase A
(MMP-2). Briefly, freeze-dried samples were dissolved in 130 pl of
buffer comprised of 500 mM NaCl, 50 mM CaCl,, 50 mM Tris base,
pH 7.5. An aliquot of the solubilized extract was then diluted 10 times
in sample buffer as described by Laemmli (20) but containing twice
the concentration of SDS (2% wt/vol) and no reducing agent. The re-
mainder of the sample was stored frozen at —20°C. Samples were
electrophoresed on the day of their reconstitution in a 10% polyacryl-
amide (Bio-Rad Laboratories, Hemel Hempstead, UK) gel copoly-
merized with 0.75 mg/ml (final concentration) of gelatin (bovine skin;
Sigma Chemical Co.). All zymography was performed using 1-mm-
thick minigels (4.9 ml per resolving gel) prepared using mini PII elec-
trophoresis apparatus (Bio-Rad Laboratories). Sample volumes for
electrophoresis were calculated from the original tissue mass as de-
scribed previously (13). Sample volumes for electrophoresis were in-
versely related to the initial tissue mass (according to the calculation
150 mg/original mass [mg] X 5 pl). After electrophoresis, gels were
processed for MMP detection by the method described by Mansell et al.
(17). Briefly, gels were rinsed three times in 2.5% (vol/vol) Triton
X-100 (Sigma Chemical Co.) over a period of 15 min, washed three
times in distilled water, and then bathed in 50 ml of 50 mm CaCl,, 50 mM
Tris base, 500 mM NaCl, pH 7.8, supplemented with aminophenyl-
mercuric acetate (APMA; Sigma Chemical Co.) at a final concentra-
tion of 200 pmol/liter. Gels were left to incubate in this mixture for 16 h
at 37°C. After this incubation period, gels were rinsed three times in
distilled water and subsequently stained and destained as for conven-
tional SDS-PAGE (20). The resulting zymograms were processed
and scanned to quantitate the proteolytically clarified zones as de-
tailed previously (17). Briefly, developed gels were scanned using a
studioscan II (Agfa Division, Bayer Corp., Ridgfield Park, NJ) in
transmittance mode with Fotolook SA 2.05 software operated from a
Power Macintosh 7100. The images were analyzed in NIH image 1.55
in which absorbances are plotted as a response profile, allowing quan-
titation of the proteolytically clarified zones according to their areas
and intensities. The correction adopted involved dividing the area ob-
tained for the tissue extract by the area obtained for the loaded stan-
dard. In this way, plots of different gels could be compared when
identical standards were electrophoresed. Confirmation that the ob-
served zones were attributable to MMP activity was achieved by incu-
bating identical gels, before development, in buffers containing either
5 mM EDTA or 10 mM 1,10 phenanthroline (Sigma Chemical Co.).
In each case, no proteolytically clarified zones appeared. Approxi-
mately 1.5 ng of a human MMP-2 standard (Biogenesis Laboratories,
Bournemouth, UK) was electrophoresed alongside tissue extracts to
assist in the identification and quantification of the relevant zones.

Insoluble tissue analyses

Cross-linking amino acids. The remaining matrix was resuspended in
1 ml PBS (prepared from tablets; Sigma Chemical Co.), pH 7.4, and
treated with potassium borohydride (Sigma Chemical Co.) for 1 h to
reduce the precursor keto-imine cross-linking amino acids to lysino-
hydroxynorleucine (LHNL) and dihydroxylysinonorleucine (DHLNL)
as described previously (21). After reduction, concentrated HCl was
added to a final 6 M acid concentration. Samples were subsequently
hydrolyzed in their original polypropylene tubes for 24 h at 110°C, and
the acid was then removed by freeze-drying. Dried samples were re-
constituted into 500 pl of distilled water, the bulk of which (90%) was
reserved for CF1 cellulose (Whatman International Ltd., Kent, UK)
chromatography to concentrate the cross-linking amino acids, the re-
mainder (50 pl) for calcium and hydroxyproline determinations. CF1
cellulose prefractionation to enrich both reduced DHLNL and
LHNL and mature pyridinium compounds (lysyl and hydroxylysyl-
pyridinoline [HP]) and their subsequent quantitation by amino acid
analysis (Alpha plus amino acid analyzer; Pharmacia Biotech, Lough-
borough, UK) was identical to that described previously (21). The lo-
cation of the cross-links on chromatograms has been confirmed previ-
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ously with samples of authentic residues prepared in our laboratory.
The cross-linking content of tissue samples is expressed in moles per
mole of collagen.

Calcium content. Aliquots (10 pl) were analyzed for calcium on a
specific autoanalyzer (Kone Instruments Corp.) adopting the Rai-
chem® colorimetric assay (Hemagen Diagnostics, Inc., San Diego,
CA). Bone collagen calcification is expressed as millimoles of calcium
per mole of collagen from the original native tissue samples.

Collagen content. The collagen content of acid-hydrolyzed bone
samples (10 wl) was determined by hydroxyproline analysis (22) using
a continuous flow autoanalyzer (ChemLab Instruments Ltd., Horn-
church, Essex, UK). Collagen content is expressed as micrograms of
collagen per milligram of the original native sample mass.

TGF-B. Five normal and five OA bone samples isolated from the
PC were prepared for analysis of TGF-B. The extraction of this cyto-
kine from bone using 4 M guanidine chloride/260 mM tetrasodium
EDTA/30 mM Tris, pH 7.4, was identical to that described by De-
queker and colleagues (23) except that acetone was used to defat pre-
viously water-washed powdered specimens. Bone samples were sub-
jected to three acetone washes (10 mg/ml), each lasting 10 min, by
swirling at room temperature. The only other modification was sub-
stituting PMSF for the more stable and water soluble pefabloc (Boeh-
ringer Mannheim UK, Sussex, UK) as the serine protease inhibitor
during the extraction procedure. Quantitation of TGF-8 was by
ELISA (Genzyme Corp., Cambridge, MA). Lyophilized tissue ex-
tracts were reconstituted at a concentration of 2.5 mg/ml in 40 mM
HCI before incubation. This step, which took place at 4°C for 1 h, re-
sults in the activation of TGF-f. Samples were subsequently neutral-
ized and diluted, as instructed by the manufacturer, before dispensing
onto the plate. Developed plates were read at 450 nm using a Multi-
skan MCC/340 microtiter plate reader. The tissue content of TGF-3
is expressed as nanograms of cytokine per milligram of dry, fat-free
bone powder.
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Figure 2. The tissue content of the PICP accurately reflects the
stoichiometric synthesis of type I collagen. The data presented dem-
onstrate highly significant differences in the synthetic ability of OA
tissue samples compared with normal specimens. Both distal (*) and
proximal (**) compartments of OA tissue contained significantly
(P < 0.0001) more PICP compared with normal samples. Of further
significance is the degree of polarization of PICP within OA tissue
preparations, with the proximal pole containing far greater quantities
(*P < 0.0001) than the distal site.
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Figure 3. Comparison of the tissue content of AP at different bone
sites. The enzyme is a useful indicator of bone matrix formation and
mineralization potential. Significantly greater enzyme levels were re-
covered from both the distal (*P < 0.0005) and proximal (**P <
0.0001) regions of OA bone compared with site-matched normal sam-
ples. Note the clear polarization exhibited in the levels of AP be-
tween DC and PC for the OA tissue samples (* P < 0.0001).

Statistical analysis

Statistical analysis was performed using Minitab Statistical Software,
version 10. The Ryan-Joiner test was applied to all data to determine
whether data were normally distributed. The subsequent test applied
was a Student’s ¢ test, without assuming equal variance. Paired analy-
ses were performed for comparison between PC and DC for the same

MMP-2

Normal (n=60)

femoral head samples, unpaired analyses for comparisons between
normal and diseased tissues.

Data obtained for LHNL and HP were found not to be normally
distributed. The Mann Whitney U test was applied to these data. Dif-
ferences between groups were assumed to be statistically significant
where P < 0.05. Unless stated otherwise, data are expressed as the
mean*=SEM.

Results

Soluble extract analyses

Synthesis of bone, type I collagen. Tissue supernatants were
analyzed for PICP to determine the difference in type I col-
lagen synthesis between normal and diseased tissue. The extent
of type I collagen synthesis was greatest in the OA specimens
(Fig. 2). The PC for OA contained significantly more (P <
0.0001) PICP than site-matched normal samples (288+22 ng
per mg protein vs. 1126). The DC of OA also contained signif-
icantly (P < 0.0001) greater quantities of the propeptide com-
pared with the normal samples (112£15 vs. 8+3). Of particu-
lar note is the significant (P < 0.0001) degree of polarity in the
content of PICP between the PC and DC for OA-sampled
sites, the former exhibiting the greater value. No such differ-
ence was observed for control samples.

Tissue extract analysis of AP. AP levels were greatest in
the OA tissue samples studied (Fig. 3). The PC for OA con-
tained 0.37+0.03 U AP per mg of protein vs. 0.04+0.01 (P <
0.0001) for site-matched controls. The DC for OA also con-
tained significantly (P < 0.0005) more AP than site-matched
normal specimens (0.2+0.02 vs. 0.06=0.02). OA femoral heads
exhibited a clear polarization (P < 0.0001) in AP expression,
with the greater levels found in the PC.

Collagenolytic potential of bone tissue. Both pro and active
MMP-2 were elevated significantly in OA compared with nor-
mal tissue; indeed, very little of either enzyme species, from ei-
ther site, was present in normal tissue, as is evident from the
zymogram (Fig. 4).

Figure 4. Illustration of a typical gelatin gel
zymogram of bone tissue extracts. In this
case, the samples are taken from the DC.

i Osteoarthritic (n=6)

In four of the six OA tissue specimens,
both pro and active gelatinase A (MMP-2)
are clearly increased. It is the MMP-2 that
is invariably elevated in OA. The MMP-2
standard was of human origin and was pur-
chased from Biogenesis Laboratories. This

— Pro MMP-9 standard contained both the pro and active
enzyme, together with an additional autol-
— Active MMP-9  ysis product which migrated to a position
_ Pro MMP-2 corresponding to a molecular mass of ~ 45
kD. Tissue extracts were electrophoresed
— Active MMP-2  on the day of their reconstitution in nonre-
ducing buffer. After electrophoresis, gels
were developed as for conventional SDS-
PAGE staining to reveal the proteolytically
clarified zones. Confirmation that the ob-
— 45KD MMP served zones were gelatinases was via loss

of the clarified zones when gels were incu-
bated in buffers containing either S mM
EDTA or 10 mM phenanthroline. In addi-

tion, the activities of the enzymes could be adsorbed from samples using gelatin-linked but not casein-linked agarose. Table I summarizes the
data obtained for MMP-2 between OA and site-matched control specimens.
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Table I. Tissue Levels of Pro and Active MM P-2 between
Normal and OA Femoral Head Cancellous Bone Sites

Gelatinase species

Tissue source Pro MMP-2 Active MMP-2

Normal DC 0.018+0.006%* 0.02+0.006*
OA DC 0.036+0.007% 0.088+0.016!
Normal PC 0.013+0.0021 0.021x0.01%*
OA PC 0.148+0.024 0.41=0.04

OA samples, whether from the DC (*P < 0.01) or PC ("P < 0.0001)
contained greater levels of pro MMP-2. Similarly, active MMP-2 levels
were elevated significantly in both the distal (*P < 0.002) and proximal
(**P < 0.0001) sites. Tissue levels for both pro (*P < 0.0005) and active
(IP < 0.0001) enzyme exhibited a clear polarization in OA femoral
heads, with the proximal zone containing the greater levels. The data
represent integrated areas corrected to the area of the standard active
MMP-2 =SEM.

For the DC, OA tissue contained approximately twice (P <
0.01) the pro MMP-2 levels as normal samples (Table I). These
differences were even greater for the PC; pro MMP-2 levels
from the OA group were ~ 11.5-fold higher than normal (P =
0.0001) specimens. Similar results were obtained for the active
enzyme; in the DC, OA tissue contained ~ 4.5-fold more en-
zyme than normal (P < 0.002) samples. As with the proen-
zyme, the greatest levels for active MMP-2 were associated
with the PC. Indeed, the PC from OA samples contained ~ 19
times more of the enzyme compared with site-matched normal
specimens (P < 0.0001). A clear polarization in the levels of
pro and active MMP-2 were found only for the OA group, with
the greater levels (about four times) located in the PC (P <
0.0001 for the active species and P < 0.0005 for the zymogen
[Table I]).

Gelatinase B (MMP-9) was the major enzyme species
found in all the extracts studied, but quantitation was ham-
pered by the presence of material above and below the main
zone. These regions are believed to contain differentially gly-
cosylated enzymes together with aggregates and partially de-
graded forms (24). Clarification was not readily obtained using
lower sample loadings.

Insoluble tissue analyses

Collagen content. OA tissue specimens had a greater collagen
content than control tissue samples (Fig. 5, and Table II). The
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Figure 5. Comparison of the collagen content of bone tissue speci-
mens. The collagen content was based on quantitation of hydroxy-
proline from tissue hydrolysates. The data are expressed as micro-
grams of collagen per milligram of the original tissue. OA specimens,
whether from the DC (*P < 0.0005) or PC (**P < 0.001), had greater
collagen content compared with site-matched control tissue. The col-
lagen content was also markedly different between distal and proxi-
mal zones (* P < 0.0005) for OA femoral heads.

PC for OA (140%3.0 pg collagen per mg tissue) contained sig-
nificantly more collagen (P < 0.001) than site-matched normal
samples (79+7.0). The DC for OA (115=3.0) also had a signif-
icantly (P < 0.0005) greater collagen content compared with
the DC of control samples (93+2.0). Of additional significance
is the greater collagen content for the PC of OA compared
with the DC (P < 0.0005). Normal samples did not differ in
their collagen content between the sites examined.

Extent of bone collagen mineralization. Collagen mineral-
ization for normal bone tissue, whether from the DC (8.39+
0.17 mmol calcium per mol collagen) or PC (8.37+0.14), was
greatest (P < 0.001) compared with site-matched OA speci-
mens (7.06+0.18 and 6.18+0.25, respectively [Fig. 6, and Table
II]). Of additional significance is the difference in mineraliza-
tion between the proximal and distal sampled sites for OA
bone samples, with the former exhibiting a significantly (P <
0.001) lower mineralization than the DC.

Collagen cross-linking amino acids. The cross-link content

Table I1. Bone Tissue Content of Collagen and the Extent of Collagen Mineralization between OA and Normal Bone Specimens

Normal tissue OA tissue
Parameter PC DC PC DC
Collagen content (g collagen/mg tissue) 79+7 93+2 140£3%* 115£3%
Collagen mineralization (mmol calcium/mol collagen) 8.4+0.14 8.4+0.17 6.2:0.251 7.2+0.18%*

OA tissue, whether from the PC (*P < 0.001) or DC (*P < 0.0005) contained significantly more collagen than site-matched control samples. Of addi-
tional significance is the greater collagen content (*P < 0.0005) for the PC of OA samples versus the DC in these femoral heads. The mineralization of
collagen in OA specimens, whether from the PC (IP < 0.001) or DC (**P < 0.001) was significantly lower than that observed for control tissue sam-
ples. Furthermore, there was a polarization in the mineralization of OA bone collagen, with the PC having a significantly (' P < 0.001) lower calcifica-
tion than the DC.
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Figure 6. Comparison of the extent of collagen mineralization be-
tween OA and normal tissue specimens. Calcium was quantified co-
lorimetrically from a diluted tissue hydrolysate. The degree of tissue
mineralization is expressed as millimoles of calcium per mole of col-
lagen. Tissue mineralization, whether from the DC (*) or PC (*¥),
was greatest (P < 0.001) for normal tissue samples. A polarization in
collagen mineralization was observed for the OA tissue samples, with
the proximal site containing a significantly (*P < 0.001) lower cal-
cium content than the distal region.

of all samples studied was not significantly different (Table
IIT). The highest value for the major immature keto-imine
cross-link reduced to DHLNL was within the PC of OA sam-
ples but did not reach statistical significance. No changes were
observed for the mature pyridinium cross-links between the
OA and controls or between PC and DC of the OA samples.
Bone tissue content of TGF-B. Samples analyzed for TGF-3
demonstrated a significantly (P < 0.001) greater concentration
of this cytokine for the PC of the OA samples, of 123.4+13.0
ng TGF-B per mg tissue extract compared with 32.9+24.0 for
normal bone extracts. However, it is important to note that the
methodology used fails to discriminate between previously ac-

Table I11. The Collagen Cross-linking Composition of OA and
Normal Cancellous Bone Tissue

Normal tissue OA tissue
Cross-link PC DC PC DC
LHNL 0.14+0.04 0.110.02 0.13+0.02 0.18+0.03
DHLNL 0.22+0.05 0.20%0.02 0.37+0.04 0.17£0.02
LP 0.09£0.01 0.07£0.01 0.07+0.004 0.08£0.008
HP 0.26+0.04 0.21%0.02 0.25+0.02 0.22+0.02

In general, the cross-linking is similar for all sites studied. Although not
statistically significant, the PC for OA-sampled sites indicates that a
greater proportion of the collagen is immature, as demonstrated by the
greater concentration of DHLNL. All data are expressed as the
mean*=SEM, where the mean is the moles of cross-link per mole of col-
lagen. LP, Lysyl pyridinoline.

tive and labile TGF-B since all samples underwent activation
with the addition of dilute (40 mM) HCI.

Discussion

Bone represents the major component of joint tissues, and the
metabolism of its collagen framework is pivotal to normal joint
function. Our biochemical analyses have demonstrated that
OA trabecular bone of the human femoral head is metaboli-
cally more active than non-OA controls, and that there is a
clear polarization exhibited within the femoral head, the sub-
chondral bone collagen (PC) being the most active.

Elevated type I collagen synthesis as determined by PICP
assays, which accurately reflects synthesis of type I collagen
(18), is corroborated by increases in AP activity (Fig. 7). Simi-
larly, the predominant immature cross-link (DHLNL) in
newly formed bone collagen appeared to be increased almost
twofold in the PC compared with controls although it did not
reach statistical significance. This is consistent with increased
collagen deposition in the subchondral zone (Table II), but the
absence of a decrease in the mature pyridinoline cross-links,
due to dilution by new collagen, suggests that the rate of depo-
sition is slow, allowing the collagen cross-links to mature. An
increased potential for collagen degradation was supported by
the increased levels of both pro and active MMP-2; the physio-
logical significance of these findings is emphasized by reports
that it is itself capable of cleaving type I and other fibrillar col-
lagens (15) and that some activated forms of MMP-2 are
poorly inhibited by tissue inhibitors of MMPs (TIMPs) (25).
MMP-2 is activated by an MT1-MMP (16), which is also capa-
ble of degrading type I collagen (26) and has been detected in
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Figure 7. Pearson’s correlation between bone tissue PICP and AP.
Both the analytes correlate very well (r = 0.93, P < 0.001). Similar re-
sults were obtained with Spearman rank correlation. Although PICP
levels reflect the formation of type I collagen, the exact function of
AP is unknown but generally thought to be coupled with matrix syn-
thesis. Taken together, PICP and AP from the data depicted provide
additional evidence for the association of AP with bone collagen syn-
thesis.
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the cartilage of OA joints (27). Therefore, it is possible, follow-
ing our identification of greater levels of active MMP-2 in OA
cancellous bone, that both MT1-MMP and MMP-2 may be im-
plicated in the increased bone resorption reported for OA sub-
jects (28).

We compared the metabolic activity of the collagen at two
sites within the femoral head, the subchondral bone (PC) and
tissue near the neck (DC), to determine whether any changes
in metabolism were localized. The greatest levels for PICP,
AP, and pro and active MMP-2 were in the proximal region,
but both PC and DC expressed consistently greater content of
these analytes than the controls. The polarization observed for
OA tissue was not evident in control femoral heads.

The profound differences in turnover between PC and DC
for OA femoral heads could result in joint deformity, since
bone remodeling is a tightly coordinated process fundamental
for the shaping and maintenance of tissue morphology. This is
highlighted, for example, in the normal modeling process of
the rat ulna, where the greater degree of tissue resorption at
the medial periosteal surface results in the characteristic curva-
ture of this long bone (29). In hip OA, particularly in the later
stages of the disease, one invariably observes femoral head de-
formation, which may in part be explained by the large differ-
ences found in turnover between the two sites studied. Joint
deformity in turn could exacerbate the disease process by plac-
ing additional stresses and strains on the various tissue com-
partments to which bone is a particularly sensitive responder
(10-12).

Certain growth factors may play a key role in promoting
the new bone growth observed. The discovery of TGF{ in
bone led to the identification of its major role in remodeling
and recruitment of osteoblast precursors (30), stimulating col-
lagen synthesis, inhibiting collagenase, and increasing TIMP
production, thus leading to a net gain in collagen deposition
(31). Our finding of a three- to fourfold increase in TGF-3 lev-
els in the PC of OA bone versus controls is consistent with the
thickening of the subchondral bone through increased matrix
deposition. The potential to mineralize OA matrix, as pro-
vided by the AP data, is greatest at the PC. However, the con-
tent of calcium in relation to the existing collagen (Table II) in-
dicates there is a greater proportion of undermineralized, i.e.,
immature, recently deposited matrix, which is consistent with
the earlier histological findings of a greater proportion of os-
teoid in OA (3, 4).

Type I collagen and AP are both expressed by the mature
osteoblasts, which decline in number and function with in-
creasing age. Whether the increased metabolism observed in
OA is a result of increased cellularity and/or activity is unclear.
MMP-9, the major gelatinase identified in all extracts and the
only species identified in control samples (Fig. 4), has been as-
sociated with preosteoblastic cells (32). Roholl and colleagues
(33) found that preosteoblasts outweighed the mature pheno-
type with increasing age. It has been proposed that the greater
number of precursor cells is either a consequence of height-
ened adipocyte generation from a common precursor (34) or
simply due to senescence-impaired marrow osteoblast precur-
sor production (35). The ability of TGF- to recruit osteoblast
precursors presents a suitable candidate for explaining the in-
creased production of collagen observed in these OA subjects.
In addition, the greater levels of MMP-2 in OA tissue samples
may support a greater proportion of the mature osteoblast
phenotype. A recent in vitro investigation of preosteoblasts
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(32) revealed that differentiation to mature cells resulted in
the expression of MMP-2.

The thickening of the subchondral bone and its consequent
increased stiffness may stimulate cartilage destruction (6, 7), or
the latter could possibly stimulate a thickening of bone as a
protective measure. Alternatively, both tissues may be af-
fected simultaneously as a result of some unknown biochemi-
cal interactions between the two tissues. Certainly, the demon-
stration of high levels of metabolic activity in the subchondral
zone opens up the question of the role of bone collagen in OA.
Whether thickening of the subchondral bone precedes carti-
lage fibrillation is an interesting question and a subject of some
debate (36).

The increased metabolism of bone and the deposition of in-
creased collagen may be features of other bones in OA sub-
jects. Dequeker et al. (37) have reported increased bone den-
sity in OA, which they suggest protects against hip fracture.
Other workers (38) confirmed increased bone density in OA
but could not confirm the absence of hip fractures. The con-
trasting status of bone density between OA and osteoporosis
(39) is evident in the virtual absence of OA changes in the
fractured hips of osteoporotic subjects. The general but still
controversial opinion is that increased bone mass increases the
risk of developing OA (40-42). However, a high bone density
is unlikely to be the sole prerequisite for a predisposition to
OA, since African American men and women have a greater
bone mass than Caucasians (43-45) yet are no more prone to
the disease (1). However, African Americans, like Caucasians,
will lose bone after the fourth decade. An explanation for the
greater risk of developing OA with increased bone mass may
be that it is due to a net accumulation of bone, since subjects
who reach adulthood with osteopetrosis are strongly associ-
ated with the development of OA (46). Clearly, the type of in-
vestigation covered in this study if applied to other bones
could provide additional valuable data to resolve this question.

What is evident from this study is that OA cancellous bone
is metabolically very active compared with normal tissue, in
particular the proximal sampled sites. Such differences in turn-
over might result in altered joint morphology, which in turn
might exacerbate the disease process. OA is a cruelly disabling
and painful disease, which is assuming greater significance es-
pecially in more developed countries. It is anticipated that
the results presented here will stimulate a greater effort to-
ward studying bone metabolism and its role in the pathogene-
sis of OA.
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