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Abstract

Humanosteoblast cultures (hOB) were examined for the pro-
duction of interstitial collagenase, tissue inhibitor of metallo-
proteinases (TIMP), and gelatinolytic enzymes. Cells were
isolated by bacterial collagenase digestion of trabecular bone
(vertebra, rib, tibia, and femur) from 11 subjects (neonatal to
adult). Confluent cultures were exposed to phorbol 12-myris-
tate 13-acetate, PTH, PGE2, epidermal growth factor,
1,25(OH)2 vitamin D3, recombinant human IL-1#, and dexa-
methasone. Collagenase and TIMP were assayed immunologi-
cally and also by measurements of functional activity. Colla-
genase was not secreted in significant quantities by human
bone cells under any tested condition. Furthermore, collagen-
ase mRNAcould not be detected in hOB. However, hOBspon-
taneously secreted large amounts of TIMP for at least 72 h in
culture. hOBTIMP was found to be identical to human fibro-
blast TIMP by double immunodiffusion, metabolic labeling
and immunoprecipitation, Northern blot analysis, and stoichi-
ometry of collagenase inhibition. SDS-substrate gel electro-
phoresis of hOB-conditioned media revealed a prominent band
of gelatinolytic activity at 68 kD, and specific polyclonal anti-
sera established its identity with the major gelatinolytic pro-
tease of human fibroblasts. Abundant secretion of gelatinoly-
tic, but not collagenolytic, enzymes by hOBmay indicate that
human osteoblasts do not initiate and direct the cleavage of
osteoid collagen on the bone surface, but may participate in the
preparation of the bone surface for osteoclast attachment by
removal of denatured collagen peptides. The constitutive se-
cretion of TIMP may function to regulate metalloproteinase
activity.

Introduction

Bone is a complex organ composed of many cell types includ-
ing cells of mesenchymal origin as well as those of the immune
system (1). The growth of bone begins with a superstructure
formed either from cartilage (endochondral ossification, e.g.,
long bones) or connective tissue (intramembranous ossifica-
tion, e.g., flat bones). During the course of development, osteo-
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blasts arise and infiltrate the superstructure, depositing matrix
proteins including type I collagen, proteoglycans, fibronectin,
osteonectin, and many others (2, 3). This milieu is termed
osteoid. After the osteoid is deposited by the osteoblasts, it
becomes calcified, yielding the hard connective tissue of bone.
During this process, some osteoblasts become embedded
within the bone matrix and are called osteocytes, cells that
help to maintain the integrity of bone. Newbone is modeled
by the activity of osteoclasts, cells of bone marrow mononu-
clear cell origin that fuse into multinucleated cells (4-6). These
specialized cells are capable of removing calcified osteoid and
are thus responsible for the formation of the bone marrow
cavity. Within the marrow cavity, the osteoblasts form islands
of bone called trabeculae which give strength to the bone.
Once formed, mature bone undergoes virtually continuous
remodeling throughout the life of the organism. Teams of os-
teoclasts resorb microscopic quanta of tissue from the bony
surfaces and, subsequently, osteoblasts are recruited to repair
the resorption defect (7).

When bone formation is complete, the osteoblasts then
become quiescent and flatten out over the surface of bone. To
initiate remodeling, it has been hypothesized that the flattened
osteoblasts contract under the influence of resorption stimula-
tive hormones such as PTH or PGE2, creating a void in the
lining of the bone where osteoclasts attach and resorb the cal-
cified matrix (8-11). In addition, in vitro studies have sug-
gested that a thin layer of organic matrix which lines the min-
eralized bone surface must be removed in order for osteoclasts
to be attracted and attach to the newly exposed surface (12,
13). It has been hypothesized from studies on rodent bone
cultures that osteoblasts, under the influence of bone-resorp-
tion-stimulating hormones, secrete interstitial collagenase
which subserves the degradation of surface type I collagen and
thereby promotes osteoclast attraction and attachment
(12-18). Rodent osteoblasts have also been reported to secrete
a protease inhibitor which may block the action of collagenase
and perhaps other metalloenzymes (14, 19), thereby providing
more precise regulatory control over the process.

We have conducted this study to determine whether
human osteoblasts in homogeneous monolayer culture are ca-
pable of secreting collagenase and tissue inhibitor of metallo-
proteinases (TIMP).' Our results indicate that human osteo-
blasts do not secrete a neutral interstitial collagenase in signifi-
cant quantities, either constitutively or under the influence of
bone-resorbing hormones, but do secrete gelatinolytic pro-

1. Abbreviations used in this paper: BGP, bone Gla protein; EGF,
epidermal growth factor; hOB, human osteoblast cultures; rhIL-lI,
recombinant human interleukin I#; TIMP, tissue inhibitor of metal-
loproteinases.
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teases. These cells produce substantial amounts of TIMP,
which may act to regulate metalloproteinase activity within
the local environment.

Methods

Materials
PTH (human, fragment 1-34) and PGE2 were obtained from Sigma
Chemical Co. (St. Louis, MO). 1,25(OH)2 vitamin D3 was a kind gift of
Dr. Milan R. Uskokovic, Hoffman-LaRoche Inc. (Nutley, NJ), and
EGFwas purchased from Collaborative Research (Boston, MA). Re-
combinant interleukin 1I3 was obtained from Genzyme (Boston, MA),
and phorbol-12 myristate 13-acetate (PMA) was obtained from L.C.
Services Corporation (Woburn, MA). All other reagents were pur-
chased from Sigma Chemical Co.

Methods
Cell cultures. Humanbone cell cultures were prepared according to the
method of Robey and Termine, with modification (2). Briefly, surgical
specimens of rib were split longitudinally and the marrow cavity rinsed
extensively with serum-free medium (DME/Ham's F- 12, 1:1, vol:vol).
The trabecular bone was removed with a size 0 curette, minced and
washed several times. The bone chips were then subjected to bacterial
collagenase digestion (2 mg/ml, type IV) for 2 h at 27°C. The released
cells were washed three times and then seeded into T-75 flasks (Costar,
Cambridge, MA) in medium supplemented with 10% FBS (Sigma
Chemical Co.). After reaching confluency, the cells were removed with
trypsin-EDTA (0.05-0.02%, respectively, Sigma Chemical Co.),
counted, and seeded at 2.5 X I04 cells per 16-mm well of 24-well tissue
culture plates (Costar) in 10% FBS-containing medium. The cells were
then allowed to grow to confluency (4-8 wk) with medium changes
every 3-4 d.

Normal human skin fibroblasts were purchased from American
Type Culture Collection (Rockville, MD). The cells were grown in
Dulbecco's modified Eagle's medium-HG + glutamine, 0.03 MHepes
buffer (pH 7.6), 10% fetal calf serum, and 200 U/ml of penicillin + 200
jug/ml of streptomycin. After two to three passages, the cells were
grown to visual confluence, washed with HBSS, and cultured under
serum-free conditions for 48 h.

Bone cell-conditioned medium. Confluent cell cultures were
washed with fresh medium and the following hormones or chemicals
added for the time period indicated in the relevant figure legends or
tables: PMA, 1 X 10-8 M; PTH, human 1-34, 1 X 10-8 to 1 X l0-7 M;
1,25(OH)2 vitamin D3, 1 X 10-' M; epidermal growth factor (EGF), 10
ng/ml; recombinant human interleukin 1,B (rhIL- 1,), 1-10 U/ml; and
PGE2, I X 10-8 M. The conditioned media were collected and assayed
for collagenase and TIMP by ELISA (see below). To obtain samples for
the assay of collagenase and TIMP by functional activity, cultures were
washed three times and refed with serum-free medium prior to the
addition of the appropriate agents.

Assays
Assays for alkaline phosphatase. Human osteoblast cultures were
grown to confluency in serum-containing medium in 16-mm wells of
24-well tissue culture plates. The cultures were then washed three times
with phosphate-buffered saline, pH 7.4, and lysed in water by three
freeze-thaw cycles. The lysates were then homogenized by sonication
(Dismembranator model 150, Oscar Fisher, Inc., Newburgh, NY) for
10 s. The protein concentration and alkaline phosphatase activity in
each lysate were measured by the Coomassie blue protein assay (Bio-
Rad Laboratories, Richmond, CA) and an alkaline phosphatase kit
(No. 104-LL, Sigma Chemical Co.) respectively. The enzymatic activ-
ity was expressed as nanomoles per minute per milligram of protein.
Sister cultures were stained for alkaline phosphatase using a histo-
chemical kit (No. 85L-2, Sigma Chemical Co.).

Assay for cAMP. Assays for cAMPwere performed as previously
described (2).

Radioimmunoassay for bone Gla protein (BGP). Confluent cul-
tures were washed and incubated for 24 h in serum-free medium in the
presence of I nM 1,25-(OH)2 vitamin D3. Supernatants were assayed
for BGPusing a radioimmunoassay kit obtained from Incstar (Still-
water, MA).

Immunologic assays of collagenase and TIMP. Collagenase and
TIMP levels in the various conditioned media were measured by
ELISA using specific polyclonal antisera prepared to the respective
human fibroblast proteins as described previously (20, 21). These
assays have nanogram sensitivity, and quantify the total amount of
each protein present, whether free or bound. TIMP assays performed
on conditioned media containing 109%o FBS were calculated by sub-
tracting 0.02 gg/ml for the small contribution of bovine TIMP that is
present in serum minimally cross-reactive with human TIMP anti-
body.

Gel diffusion was performed in a 1.0% agar matrix as described by
Ouchterlony (22).

Immunoprecipitation of collagenase, TIMP, and gelatinase. Meta-
bolic labeling of newly synthesized bone cell proteins was accom-
plished by pulsing the osteoblasts with [35S]methionine (50 MCi/ml) in
methionine-free nutrient media for 24 h. Specific polyclonal antisera
to human fibroblast collagenase, TIMP, and gelatinase were then uti-
lized for immunoprecipitation as described previously (23).

Functional assay for collagenase. Guinea pig type I collagen was
prepared by cold neutral salt extraction as described by Gross (24).
Bone cell-conditioned media, collected under serum-free conditions
for 24-48 h, were concentrated by either of two methods: (a) dialysis
against 2.5 mMTris, pH 7.5, containing 0.5 mMCaC12, and subse-
quent lyophilization with the samples reconstituted in 1/20 vol of
water; and (b) ultrafiltration using Centricon I0-kD filters (Amicon
Corp., Danvers, MA). Samples were also analyzed without prior con-
centration. To activate latent collagenase, conditioned media samples
were either treated with phenylmercuric chloride (final concentration
1 mM) or were exposed to trypsin (range 0.01-10 ug) for 10 min at
room temperature followed by the addition of an eightfold molar ex-
cess of soybean trypsin inhibitor. Aliquots (100 zd) were then incubated
with 30 Ml of collagen (0.4 Mg/Ml) at 25°C for 24 h in buffer containing
0.05 MTris, 0.01 MCaC12, and 0.4 MNaCl, pH 7.5. The reactions
were stopped by the addition of 70 Ml of SDSsample buffer containing
EDTAand dithiothreitol, and the samples were boiled immediately.
The samples were then subjected to polyacrylamide gel electrophoresis
performed according to the method of King and Laemmli (25) with
9.0% polyacrylamide gels cast in slab molds. After electrophoresis, the
protein bands were stained with 1%Coomassie blue. Samples were also
analyzed for the capacity to degrade native, reconstituted collagen
fibrils (biosynthetically labelled with ['4C]glycine) at 37°C.

Functional assay for TIMP. TIMP was partially purified by sub-
jecting osteoblast conditioned, serum-free media (200 ml) to dialysis
against 0.05 MTris, pH 7.5, and subsequent ion exchange chromatog-
raphy using a 10 X 2.5 cm column of phosphocellulose (P-l 1, What-
man Inc., Clifton, NJ). TIMP binds avidly to this matrix, whereas
serum antiproteases such as a2-macroglobulin fall through (26). The
bound TIMP was eluted with 0.5 M(NH4)2SO4, dialyzed against 0.005
MTris, pH 7.5, and lyophilized to achieve a 20-fold concentration.

The partially purified TIMP preparation was then assayed for the
capacity to inhibit pure human fibroblast collagenase (21). Human
fibroblast collagenase was purified to homogeneity as described pre-
viously (27), activated proteolytically with trypsin, and tryptic activity
was terminated by the addition of SBTI. Inhibition of collagenase
activity was measured at 37°C using native, reconstituted, biosyn-
thetically ['4C]glycine-labeled guinea pig skin collagen as substrate
(28). 50 Ml of a 0.4% collagen solution was allowed to form an insoluble
substrate gel at 37°C overnight. Various concentrations of the bone
cell inhibitor were incubated with active collagenase (25 Mg/ml) at
room temperature for 10 min; the reaction mixtures were then added
to the collagen gels and incubated at 37°C for 3.5 hours. The reactions
were stopped by adding 200 Ml of buffer followed by centrifugation at
9,000 g for 10 min. The supernatant fractions were then counted in a
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liquid scintillation spectrometer (Beckman Instruments, Inc., Palo
Alto, CA). TIMP concentration in the partially purified bone media
was determined by ELISA (21).

RNAisolation and Northern blot analysis. Total cytoplasmic RNA
was isolated by guanidinium isothiocyanate extraction according to
established procedures (29). The total RNAwas fractionated on a 1.2%
agarose gel containing 2.2 Mformaldehyde, transferred to nitrocellu-
lose filters, and then hybridized to nick-translated human fibroblast
collagenase (30) or human TIMP (31) cDNAprobes. Autoradiography
was performed using XAR-5 X-Omat ARfilm (Eastman Kodak Co.,
Rochester, NY) developed at -70°C.

Gelatin zymograms. To determine if human bone cells were capa-
ble of secreting metalloproteases with gelatin-degrading activity, ali-
quots of conditioned media were electrophoresed on 10% SDS-poly-
acrylamide substrate gels containing 1 mg/ml of gelatin (32). Samples
were diluted into an equal volume of sample buffer (2% SDS, 0.15%
glycerol, 0.25 MTris-HCl, pH 6.8, 0.1% bromphenol blue), loaded
without boiling, and separated at 4°C. After electrophoresis, the gels
were washed twice for 15 min in 2.5% Triton X-100, then once in a
fresh solution of 50 mMTris, pH 8.0, containing 5 mMCaCl2 and 1
mMZnCl2. Gels were then incubated in the same buffer for 24 h at
37°C to allow for enzymatic digestion of the gelatin substrate. Proteo-
lytic activity was visualized by staining the gels in 0.5% Coomassie blue
R250 containing 30% isopropyl alcohol and 10% acetic acid, followed
by destaining in water. This technique is extremely sensitive, results in
separation of enzyme-TIMP complexes by the SDS, and provides M,
information on the proteases with gelatinolytic activity.

Results

Characterization of human bone cells: alkaline phosphatase,
bone gla protein, and cAMPproduction. Cultures obtained
from bacterial collagenase digestion of human trabecular bone
were characterized as osteoblastic by several criteria including
high intrinsic alkaline phosphatase activity, secretion of BGP
in response to vitamin D, and the capacity for PTH-stimulated
cAMP production (2). Cultures were routinely assessed for
alkaline phosphatase both histochemically and biochemically.
Histochemical staining for alkaline phosphatase was strongly
positive in 80.1±9.2% of the cells from the various bone prepa-
rations. Biochemical assay for alkaline phosphatase resulted in
a mean activity±SE of 436.23±85 nmol/min per mgprotein.
In contrast, human fibroblast cultures exhibited a mean activ-
ity of only 0.4 nmol/min per mgprotein when assayed under
the same conditions.

Confluent cultures were assessed for the capacity to secrete
BGPin response to 1,25(OH)2D3 (1 nM). Radioimmunoassay
of supernatants from unstimulated bone cell cultures revealed
no detectable BGP, whereas supernatants derived from cul-
tures treated for 48 h with the vitamin contained 24.6±3.0
ng/ml BGP. Supernatants from human fibroblast cultures
lacked detectable BGPunder stimulated or basal conditions.

Finally, the ability of PTH to stimulate intracellular cAMP
was assessed. Treatment of bone cell cultures with 1 X IO-' M
PTH for a 10-min period typically resulted in a mean 13-fold
increase in cAMP levels (3.18±0.41 vs 39.0±7.56 pmol per
well). Similar stimulation of fibroblasts was observed
(1.21±0.06 vs. 15.83±2.89 pmol per well), although to lower
absolute levels, consistent with the previously reported pres-
ence of PTH receptors on these cells (33).

TIMP, but not collagenase, is a major secreted product of
human bone cells. Experiments to determine the collagenolytic
profile of human bone cells were conducted by analysis of five
newborn and seven adult-derived bone cell cultures. Cells were
incubated for 24-72 h in either 10% FBS-containing or

serum-free medium. Furthermore, the human bone cells were
also exposed to PTH, a bone-seeking hormone which is a po-
tent stimulator of bone resorption (34), or PMA, a known
stimulator of collagenase production by human fibroblasts
(35, 36). The conditioned media from the control and treated
cultures were then assayed for interstitial collagenase and
TIMP by ELISAs utilizing polyclonal antisera specific for each
protein. The results (Table I) indicated that bone cells derived
from the various bone specimens secreted only negligible or
nondetectable amounts of collagenase, but did produce large
quantities of TIMP. In some cases, both PTHand PMAap-
peared to notably enhance TIMP production as compared
with control values. Furthermore, the amounts of TIMP se-
creted by neonatal-derived osteoblasts were often severalfold
greater than those observed for the adult cells.

Exposure of serum-containing bone cell cultures (5 speci-
mens) to recombinant IL- 1/ likewise faile4 to stimulate the
production of collagenase to measurable levels. Total cyto-
plasmic RNAisolated from these cultures lacked collagenase-
specific mRNAas determined by Northern blot analysis (Fig.
1 A). However, the same preparation of total RNAcontained
abundant TIMP mRNA,as shown in Fig. 1 B.

Stimulation of one specimen with IL-1 under serum-free
conditions did provoke the secretion of a minimal amount of
collagenase which was comparable to that seen with PMA
(0.027 ,g/ml vs. 0.012 ug/ml, respectively). This bone-derived
collagenase was a doublet species of Mr 57,52 kD, exhibiting
identical electrophoretic migration to human fibroblast colla-
genase, as shown by subjecting the respective cell types to
metabolic labeling and immunoprecipitation of secreted pro-
teins using collagenase-specific antisera (Fig. 2). The amount
of collagenase secreted by this confluent bone cell culture was
< 5% of the fibroblast production rate (Fig. 2), as determined
by densitometric scanning and ELISA. Two other bone cell
cultures stimulated with IL-1 under serum-free conditions
failed to produce immunologically detectable amounts of col-
lagenase. Furthermore, when bone cell cultures (two speci-
mens) were treated with 1,25(OH)2 vitamin D3, EGF, and
combinations of PTHand 1,25(OH)2 vitamin D3, or EGFand
1,25(OH)2 vitamin D3 for 48 h, secretion of collagenase into
conditioned media remained undetectable, whereas TIMP
production was not consistently affected (data not shown).

Since significant amounts of collagenase were not released
by bone cells during 24-72 h of incubation with agents that
would be expected to stimulate enzyme secretion, conditioned
media collected at earlier time points were also examined.
Cultures were exposed to PTHand supernatants harvested at
4, 8, 16, 24, 48, and 72 h. Again, no collagenase release was
detectable at any time interval (data not shown), indicating
that the cells were not secreting and recapturing the enzyme-
a phenomenon previously suggested to occur in rat UMR-106
cells (14). In contrast, TIMP was secreted in a nearly linear
fashion by human bone cells in culture for periods up to 72 h
(Fig. 3).

Cell extracts examined at 4, 8, 16, 24, 48, and 72 h did not
contain immunologically detectable collagenase or TIMP.
These data most likely reflect the secretory nature of TIMP.
The lack of significant intracellular storage is consistent with
previously described mechanisms of TIMP biosynthesis in fi-
broblasts and macrophages (21, 23, 37).

Human osteoblast TIMP is immunologically identical to
human fibroblast TIMP. A double-immunodiffusion assay
performed with pure human fibroblast TIMP, partially puri-
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Table I. TIMP and Collagenase Secreted by HumanBone Cells in Culture

Control PTH PMA

Tissue TIMP Collagenase TIMP Collagenase TIMP Collagenase

atg/ml

Adult
Rib 1 0.123 0* 0.153 0 0.227 0
Rib 2 0.213 0 0.216 0 - -
Rib3 0.112 0 0.105 0 -* -
Rib 4 0.287 0 -t -t 0.292 0
Rib 5 0.228 0 0.216 0 0.267 0
Rib 6 1.312 0 1.531 0 0.540 0.008
Tibia 7 0.143 0 0.183 0 0.173 0

Neonatal
Femur 0.973 0 0.733 0 1.290 0
Vertebra' 1.450 0 3.002 0 2.586 0.008
Femur 9 0.548 0 0.520 0 0.648 0.007
Vertebra 10 0.535 0 0.588 0 0.520 0.006
Vertebra 11 0.186 0 0.218 0 0.286 0

12 different human bone cell preparations, derived from 11 subjects, were examined for the production of TIMP and collagenase as detailed in
Methods. Femur 8 and vertebra 8 were from the same neonate source. Culture media containing 10% FBS were added to confluent cultures of
human osteoblasts. Incubations were performed in the presence of PTH (100 nM) or PMA(10 nM), or in the absence of stimulatory factors
(control). After 24 h, the conditioned media were harvested and assayed for TIMP and collagenase by ELISA. Data shown represent average
valu's derived from duplicate or triplicate culture wells for each condition. Standard deviations were < 25%. * Values are < 0.005, the detec-
tion limit of the collagenase ELISA. t Not done.
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fied bone cell TIMP, and polyclonal antibody to fibroblast
TIMP revealed that bone cell cultures contained a protein that
was immunologically identical to the fibroblast inhibitor (Fig.
4). Furthermore, when bone cells were metabolically labeled
with [35S]methionine and subjected to immunoprecipitation
using TIMP-specific antibody, a single protein species of Mr

- 28 kD was visualized (Fig. 5), with electrophoretic migra-
tion identical to that of fibroblast TIMP. Therefore, human
bone cell TIMP appears to be immunologically identical to
human fibroblast TIMP and is actively synthesized and se-
creted by these cells.

Functional assays for collagenase and TIMP. To assess
whether bone cells produce a novel interstitial collagenase,
immunologically distinct from fibroblast collagenase, a series
of functional assays were performed using both native mono-

20 20 20 10 20 10
(,Lg) (,ag)

Figure 1. Northern blot analysis of human bone cell and human fi-
broblast RNA. Humanbone cells and human fibroblasts were ex-
posed to IL- I for 24 h in serum-containing medium and total cyto-
plasmic RNAwas harvested by guanidinium isothiocyanate extrac-
tion as detailed under Methods. 10 or 20 gg of osteoblast (Ob) or
fibroblast (Fib) RNAwas applied to the designated slots. (A) Colla-
genase. The nitrocellulose filter was hybridized to a nick-translated
human fibroblast collagenase (30) cDNAprobe. (B) TIMP. The ni-
trocellulose filter was hybridized to a nick-translated human TIMP
(31) cDNAprobe. The conditioned media from these IL- l-stimu-
lated osteoblasts also lacked immunologically detectable collagenase.
Note the absence of collagenase mRNAand the simultaneous abun-
dance of TIMP mRNAin the osteoblast samples.

Figure 2. Metabolic labeling and immu-
94 K - noprecipitation of collagenase from

67K - human bone cells. Humanbone cellsstimulated with IL-l were metabolically
< _W *Iii labeled with [35S]methionine for 24 h

43 K under serum-free conditions. 400 Ml of
labeled osteoblast (0) conditioned media
and 200 Ml of similarly treated human fi-
broblast (F) media were then immuno-

30 K- precipitated using collagenase-specific an-

30 K - tisera. Note the electrophoretically identi-
cal 57,52-kD procollagenase species
immunoprecipitated from labeled condi-

F 0 tioned media derived from both cell
types. The osteoblasts synthesized < 5%

of the collagenase as fibroblasts as determined by densitometric scan-
ning of these autoradiographs. K, kilodalton.
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Figure 3. Time course of
human bone cell TIMP se-
cretion. Confluent osteo-
blast cultures were incu-
bated for 4, 8, 16, 24, 48,
and 72 h in serum-contain-
ing medium. The condi-
tioned media were then re-

72 moved and assayed for
TIMP by ELISA.

meric type I collagen in solution and '4C-labeled collagen fi-
brils as substrate. Conditioned media samples, concentrated as
described in Methods, were derived from bone cell cultures
stimulated with PTH, vitamin D, phorbol ester, or combina-
tions thereof. The concentrated samples were assayed with and
without exposure to organomercurial compounds or trypsin,
agents previously shown to activate the zymogen forms of me-
talloproteinases secreted by human mesenchymal cells (27,
38). The results (data not shown) provided no evidence of type
I collagenolytic activity under any condition tested.

Bone cell-derived TIMP was tested for its functional ability
to inhibit human fibroblast collagenase. Increasing amounts of
partially purified bone-conditioned media were incubated
with pure fibroblast collagenase and the resultant collagenoly-
tic activity was measured against '4C-labeled collagen fibrils at
37°C. TIMP present in bone conditioned media was quanti-
fied using an ELISA to human fibroblast TIMP. As shown in
Fig. 6, the results of this titration indicated that bone-derived
TIMP inhibited human collagenase in a stoichiometric man-
ner, with full inhibition observed at a molar ratio of
inhibitor:enzyme 1:1.

Figure 4. Double immunodiffusion of inhibitors derived from
human osteoblasts vs. human fibroblasts. The polyclonal antibody
employed (aFb) was prepared against pure human fibroblast TIMP
(21, 26). hOB, concentrated human osteoblast medium, partially pu-
rified as described in Methods; hFB, pure human fibroblast TIMP.

kD
94-
67-

43 -

2 3 4 5 6 7 8

30 -. _ _

20-

Figure 5. Immunoprecipitation of metabolically labeled TIMP pro-
duced by human osteoblasts and human fibroblasts. Humanosteo-
blasts and human fibroblasts were grown to confluency in serum-
containing medium. The cell layers were washed three times and in-
cubated in fresh, serum-free, methionine-free medium containing
[35S]methionine (50 MCi/ml) for 24 h. The medium was then har-
vested and subjected to immunoprecipitation with TIMP-specific an-
tibody as described in Methods. Human fibroblasts: lane 1, control;
lane 2, PMA, 1 X 10-8 M. Human osteoblasts: lane 3, control; lane
4, rhIL-l,B, 10 U/ml; lane 5, PTH, I X l0-I M; lane 6, PMA, 1
X 10-8 M. Lane 7, fibroblasts, preimmune serum; lane 8, osteoblasts,
preimmune serum.

Quantification of human osteoblast TIMP production
compared with TIMP production by human fibroblasts. The
capacity for production of TIMP by human osteoblasts vs
human fibroblasts is shown in Table II. Since osteoblasts are
severalfold larger than fibroblasts in cell size and cell volume,
the data have been expressed in terms of total cellular protein
to account for these differences. Fibroblasts were treated with
phorbol esters to maximally stimulate their production of both
TIMP and collagenase. Osteoblasts were exposed to IL- 1 or
PMA, although neither agent consistently stimulated TIMP or
collagenase expression. As seen in Table II, secretion of TIMP
by human osteoblasts was twofold that of maximal fibroblast
production rates. In sharp contrast, there was no spontaneous
secretion of collagenase by human osteoblasts and the highest
stimulated levels observed were only 1-2% of fibroblast values.

Bone cells secrete other metalloproteinases. To assess the
capacity of human bone cells to secrete metalloproteinases
other than collagenase, conditioned media were subjected to
gelatin substrate SDS-PAGE. The results (Fig. 7) indicate that
human bone cells secrete a proteinase with major gelatinolytic
activity of Mr - 68 kD. This corresponds to the principal
secreted gelatinolytic activity of human fibroblasts (Fig. 7).
Furthermore, the confluent bone cell cultures appeared to se-
crete quantities of this gelatinolytic activity similar to those
from confluent fibroblasts. This proteolytic capacity was com-
pletely abolished by EDTA(data not shown). The identity of
this bone cell-derived gelatinolytic activity with human fibro-
blast gelatinase was further established by metabolic labeling
of the respective cell types with [35S]methionine and subse-
quent immunoprecipitation of the labeled conditioned media
using specific antisera directed against human skin fibroblast
68-kD gelatinase (39), which demonstrated the synthesis of
identical protein species by both cell types (Fig. 8). These data
indicate that although human bone cells do not secrete colla-
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Figure 6. Stoichiometry of
human osteoblast TIMP
inhibition of human colla-
genase. Inhibition of pure
fibroblast collagenase by
concentrated and partially
purified human osteoblast
medium was quantified as
described in Methods. The
amount of human osteo-
blast TIMP was determined
by ELISA.

genase, they can secrete other metalloproteinases which may
be involved in matrix turnover.

Discussion

The mechanism(s) by which osteoid is removed from the bone
surface, prior to osteoclastic resorption of bone, is still unclear.
Several reports have indicated that highly enriched popula-
tions of osteoblasts, derived from rodent bone, synthesize and
secrete collagenase after exposure to bone-resorbing agents
such as PTHand PGE2(15-18, 40-42). These findings raised
the question of whether human osteoblasts responded to
bone-resorbing agents in a like manner to rodent osteoblasts
by the secretion of a neutral interstitial collagenase. Our find-
ings indicate that, under the conditions tested, highly enriched
populations of human osteoblasts in monolayer culture do not
secrete significant quantities of collagenase in response to
bone-seeking hormones including agents which have been
shown to stimulate either bone formation or bone resorption.

Our search for a bone cell-derived interstitial collagenase
was conducted utilizing both immunologic approaches and
assays of functional activity. The mainstay of our immuno-
logic methods was an ELISA for human skin fibroblast colla-

Table II. Comparison of the Stimulated Secretion of TIMP and
Collagenase from Cultured Human Osteoblasts and Fibroblasts

Cell type TIMP Collagenase

ug/mg protein per 24 h usg/mg protein per 24 h

Osteoblast 12.91±2.92 0. 19±0.03*
Fibroblastt 6.02±2.16 10.21±2.40

Osteoblasts were incubated for 24 h in medium containing 10% FBS
and 10 nMPMA. After the incubation period, the conditioned
media were collected and assayed for collagenase and TIMP by
ELISA. TIMP values represent the mean±SEMof 12 bone cell cul-
tures. Collagenase values, as cited above, represent the mean±SEM
of only those cultures producing detectable enzyme levels. Human fi-
broblasts were maximally stimulated by exposure to medium con-
taining 10% FBS and 10 nMPMA.
* The stimulated values for collagenase are an average of six osteo-
blast samples derived from four bone cell cultures in which exposure
to PMAor IL-1 provided measurable ELISA values. Conditioned
media samples from six stimulated bone cell cultures contained un-
detectable levels of collagenase and are not included in the table.
* Fibroblast data are derived from five human skin fibroblast cell
lines and have been reported previously (54).

1 2 3 4 5 Figure 7. SDS-polyacryl-
kD amide substrate gel electro-

94 ~ phoresis (gelatin zymo-
-l _ gram) of human osteoblast

67 - conditioned medium. Con-
fluent cultures of human

43 - osteoblasts and fibroblasts
were placed in fresh serum-
free medium for 24 h con-

30- taining: lane 1, osteoblasts,
medium alone; lane 2, os-
teoblasts, PTH, I X l0-'
M; lane 3, fibroblasts, me-

20- dium alone; lane 4, fibro-
blasts, PTH, 1 X l0-7 M;
lane 5, fibroblasts, PMA, 1

X 10-8 M. The conditioned media were then subjected to polyacryl-
amide gel electrophoresis using substrate gels impregnated with gela-
tin as described in Methods. Areas of lysis indicate gelatin-degrading
protease activity.

genase that uses specific polyclonal antisera. Such antibody
preparations have been employed in the past to demonstrate
that human fibroblasts of diverse tissue origin (43), mononu-
clear phagocytes including peripheral blood monocytes (44)
and alveolar macrophages (37), and smooth muscle cells (45)
all produce procollagenase species immunologically identical
to human skin fibroblast collagenase. This ELISA has a sensi-
tivity of 5 ng/ml, and yet human bone cell cultures released
only occasionally detectable levels of collagenase under stimu-
lated conditions (IL- 1 and PMA, but not PTH), amounts triv-
ial relative to fibroblast production (Table II). Metabolic label-
ing and immunoprecipitation experiments confirmed the pro-
duction of 57,52-kD procollagenase species by these
stimulated bone cell cultures, but again in comparatively
minor amounts (Fig. 2). Furthermore, pure human fibroblast
procollagenase added exogenously to the bone cell cultures
under serum-containing or serum-free conditions for 48 h
(± stimulatory agents) was fully detectable by ELISA after the
incubation period. Therefore, collagenase was not being se-
creted and subsequently destroyed in this culture system (data
not shown).

Nevertheless, the possibility existed that human osteoblasts
synthesized and secreted a collagenase distinct from that se-
creted by most human mesenchymally derived cells. In this
regard, neutrophils have been shown to contain within their
specific granules a neutral, interstitial collagenase that is im-

Ob P-I Fib Figure 8. Immunoprecipitation of meta-

k D bolically labeled 68-kD gelatinase pro-
duced by human osteoblasts and human

94 - fibroblasts. Humanbone cells and
67 - human fibroblasts were metabolically la-

beled with [35S]methionine for 24 h
43 - under basal conditions. 400 1l of each

conditioned media was then immunopre-
cipitated using specific antisera to the

30 - 68-kD gelatinase produced by human
skin fibroblasts (39). Note the production
of identical species from both the bone

cells (Ob) and fibroblasts (Fib). Immunoprecipitation with preim-
mune antisera is designated as "P-I."
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munologically and functionally distinct from the fibroblast/
macrophage enzyme (46, 47). To investigate the possibility
that human bone cells secreted a unique collagenase, the con-
ditioned media from stimulated cultures were subjected to
assays of functional collagenolytic activity. Before assay, the
media were concentrated and subjected to two methods of
activation, trypsin treatment or mercurial treatment, both
previously shown to activate latent metalloproteinases se-
creted in zymogen form (27, 38). Both cell supernates and
extracts were analyzed in this manner, but functional colla-
genase activity could not be detected against native, soluble
type I collagen or biosynthetically labelled type I collagen fi-
brils. These results were not affected by exposure of bone cells
to phorbol esters, a potent stimulator of collagenase produc-
tion by fibroblasts (35, 36), and furthermore, by exposure to
PTH, vitamin D, or combinations of these agents, potent stim-
ulators of bone resorption in vitro (34). Nevertheless, it should
be remembered that the presence of TIMP in cell supernates
could serve to obscure the detection of metalloproteinase-
based collagenolytic activity.

In contrast to the relative lack of human osteoblast secre-
tion of interstitial collagenase, such cells released very sub-
stantial quantities of TIMP, both constitutively and after ex-
posure to bone-resorbing agents. The bone cell TIMP was
found to be identical to TIMP secreted by human fibroblasts
in double immunodiffusion assays (Fig. 4), after metabolic
labeling of the cells and immunoprecipitation using TIMP-
specific antisera (Fig. 5), and in Northern blot analysis (Fig. 1
B). Furthermore, the bone cell TIMP possessed stoichiometric
collagenase inhibitory capacity equivalent to fibroblast TIMP
as determined by titration against pure human collagenase
(Fig. 6). An intriguing observation in this study was that cells
derived from bone of various individuals responded differently
to stimulation by PTH(Table I), PMA(Table I), and also IL-l
(not shown) in their secretion of TIMP. Although the ex-
tremely slow growth of these bone cells and small numbers
available prevented a rigorous examination of TIMP regula-
tion in the present study, it seemed clear that some cultures
showed no rise in TIMP secretion while others demonstrated
severalfold increases. This individual variability may have im-
portant implications in the process of bone resorption and in
the natural course of metabolic bone diseases such as osteopo-
rosis, which leads to some individuals losing bone at a slower
rate than others within the same age group. Indeed, we have
recently reported that elevated levels of IL-l are associated
with high bone formation rates in some individuals with idio-
pathic osteoporosis (48). These individuals were also found to
have accelerated bone loss as judged by computed axial to-
mography of the vertebral spine. Thus, the ability of bone cells
to respond to bone-resorbing agents by increasing inhibitor
production maydecrease bone loss while the lack of a response
could increase bone loss.

Humanmesenchymal cells that elaborate TIMP have gen-
erally been shown to produce interstitial collagenase simulta-
neously. Cells releasing both proteins in abundant quantities
include human fibroblasts of diverse tissue origin (21, 43),
smooth muscle cells (21, 45), and mononuclear phagocytes
(23, 37). Thus far, only the platelet has been found to store
significant amounts of TIMP in its a granule (49), without the
concurrent presence of collagenase. Furthermore, it has been
speculated that the simultaneous production of both collagen-
ase and TIMP allows for precise regulatory control of matrix

architecture with collagen degradation and synthesis occurring
within close proximity as collagen is remodeled in the intersti-
tial space. Our data indicate that the human osteoblast is un-
usual in its failure to elaborate more than minute amounts of
collagenase, while secreting TIMP in quantities exceeding
those of human fibroblasts. The present study does not address
the precise cellular mechanisms responsible for these observa-
tions, but several possible explanations might apply: (a)
human osteoblasts, as part of their cellular differentiation, lose
the capacity for collagenase synthesis; (b) the correct physio-
logic stimulator(s) of osteoblast collagenase production was
not employed, e.g., a cytokine elaborated by a different cell
type; (c) secretion of human osteoblast-derived collagenase re-
quires the coculture of different cell types; (d) collagenase in
osteoblasts, unlike collagenase in other mesenchymal cells, is
not predominantly secreted but is associated with distinct cel-
lular compartments, e.g., cell membranes; (e) the human bone
cell may synthesize a factor that prevents its own production of
collagenase; and (f) osteoblasts may be heterogeneous, such
that the osteoblast-like cells used in this study represent a sub-
set of cells which do not secrete collagenase, whereas another
subset of osteoblasts could accomplish this in vivo. Further-
more, in this study we have examined preparations of bone
cells derived from either neonatal or adult tissue. The source of
these cells has been bone which develops by the process of
endochondral ossification. Wecannot exclude the possibility
that either fetal bone cells actively participating in bone mod-
eling and/or bone cells derived from tissue which undergoes
membranous ossification may be capable of producing colla-
genase. All of these hypotheses are currently being investi-
gated.

While human osteoblasts fail to elaborate collagenase, they
clearly secrete another neutral metalloproteinase in amounts
comparable to fibroblasts, a 68-kD enzyme with prominent
gelatin-degrading activity. This protease corresponds to the
major secreted gelatinase of human fibroblasts (Figs. 7 and 8),
and represents a metal-dependent enzyme that has very re-
cently been purified and cloned (39). In addition to denatured
collagen, this enzyme has a limited capacity to cleave other
extracellular matrix constituents including native types IV and
V collagen, but not type I collagen (39). Its function in bone
remodelling is presently unclear but demands further investi-
gation.

The results reported herein raise new questions as to the
mechanism of bone resorption in the human as compared to
the rodent. Our findings of high levels of TIMP and gelatinase
expression by human bone cells contrast sharply with the
nonexistent or extremely low levels of secreted collagenase.
Although a lack of collagenase activity from human osteo-
blasts after stimulation with purified IL- I has been previously
reported (50), we have utilized extremely sensitive and specific
immunologic probes and have expanded the range of possible
stimulators of collagenase secretion to examine human bone
cell collagenase production by bone-resorbing agents. Many of
the agents tested in this report have been found to stimulate
collagenase release from rodent osteoblasts leading to the con-
clusion that bone cells play a major role in the process of bone
resorption by preparing the bone surface for osteoclast attach-
ment. Wemust conclude, however, that this model may not
apply to the process of bone resorption in the human. Indeed,
the very agents which would have been expected to stimulate
collagenase production in human cells instead stimulated (al-
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beit inconsistently) the synthesis and secretion of TIMP, per-
haps suggesting a protective response by the bone cells to stim-
ulators of bone resorption. Thus, we must postulate that cells
within the local environment of bone other than osteoblasts,
such as macrophages, are possible sources of the collagenolytic
activity which has been suggested as necessary for the removal
of uncalcified osteoid prior to osteoclastic attachment to the
bone, should such a phenomenon be necessary to occur. Since
the aforementioned cells do not have PTH receptors, we must
further postulate that PTHmay induce osteoblasts to secrete a
factor(s) which both activates such cells to release collagenoly-
tic activity at the site of bone resorption and also induces
resorption of mineralized bone by osteoclasts as suggested by
McSheehy and Chambers (51, 52) and Thompson et al. (53).
In any event, the secretion of TIMP by the bone cells may
indeed reflect a protective mechanism to control the amount
of osteoid loss. This may account for the existence of only
minute foci of osteoclastic action observed in histological sec-
tions of bone.
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