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Abstract Osteoclast-mediated bone resorption is accomplished by secretion of lysosomal proteases into an 
acidic extracellular compartment. We have previously demonstrated that avian osteoclasts and human osteoclast-like 
giant cell tumor cells respond in vitro to treatment with 17P-estradiol (1 7P-E,) by decreased bone resorption activity. To 
better understand the mechanism by which this is  accomplished, we have investigated the effects of 1 7P-E2 treatment 
on lysosomal enzyme production and secretion by isolated avian osteoclasts and multinucleated cells from human giant 
cell tumors in vitro. Isolated cells were cultured with bone particles in the presence of either vehicle or steroid. The 
conditioned media and cells were harvested, and the levels of cathepsin 8, cathepsin L, p-glucuronidase, lysozyme, and 
tartrate-resistant acid phosphatase (TRAP) activities were determined. There was a steroid dose-dependent decrease in 
secreted levels of these enzymes. Cell-associated levels of cathepsin L, p-glucuronidase, and lysozyme decreased, 
whereas cell-associated levels of cathepsin B and TRAP increased. These changes were measurable at M and 
maximal at M 17p-E2. The changes were detectable at 4-18 h of treatment and increased through 24 h of 
treatment. The response was steroid specific, since the inactive estrogen isomer, 1 7u-E2, failed to alter the activity 
levels. Moreover, the effects of 1 7p-E2 were blocked when the cells were treated simultaneously with the estrogen 
antagonist lCll82-780 in conjunction with 1 7P-E2. Human osteoclast-like cells obtained from giant cell tumors of bone 
responded similarly to estrogen with respect to cathepsin B, cathepsin L, and TRAP activities. However, secretion of 
p-glucuronidase and lysozyme were not altered by treatment with M 1 7@-E2. These data indicate that estrogen 
effects on osteoclast resorption activity may be mediated by decreasing the secretion of cathepsin B, cathepsin L, and 
TRAP. c 19% Wiley-Liss, Inc. 
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Maintenance of physiologic levels of estrogens 
has long been recognized as an important compo- 
nent of maintaining bone mass in women. The 
loss of estrogen at menopause results in the 
rapid loss of bone volume; this loss can be pre- 
vented by estrogen therapy at menopause. The 
mechanism by which estrogen prevents bone 
loss is unclear. The identification of estrogen 
receptors in bone forming osteoblasts generated 
much research on the effects of estrogen on 
osteoblasts. The consensus today is that there is 
little effect of estrogen on the bone forming 
activity of isolated osteoblast-like cells, but 17p- 
estradiol (17p-E2) has been shown to stimulate 
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transforming growth factor type p (TGF-p) se- 
cretion by these cells in vitro [Oursler et al., 
1991al. Jilka et al. [19921 have presented con- 
vincing evidence that the removal of estrogen 
from mice causes increased bone resorption by 
an interleukin-6 (IL-g)-mediated process, thus 
supporting a role for estrogen repression of os- 
teoclast differentiation via an IL 6-mediated 
pathway. We have demonstrated that isolated 
avian osteoclasts and human osteoclast-like cells 
contain estrogen receptors and respond to estro- 
gen in vitro by decreased resorption activity 
[Oursler et al., 1991b, 19941. These data suggest 
that estrogens may also directly influence the 
activities of the mature osteoclast, but the 
mechanism by which estrogen modulated resorp- 
tion activity remains unresolved. 

For many years it has been recognized that 
osteoclasts produce and secrete lysosomal prote- 
ases [Delaisse and Vaes, 19921. Osteoclasts at- 
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tach to the bone surface and form a sealed 
extracellular compartment which is acidified by 
the action of a hydrogen pump, thus forming an 
acidic milieu into which lysosomal enzymes are 
secreted. Which of the lysosomal enzymes is 
involved directly in the resorption process is 
unclear. Cathepsins B, C, and L as well as acid 
phosphatases of the tartrate sensitive and resis- 
tant forms, P-glycerophosphatase, aryl sulfa- 
tase, and p-glucuronidase have all been identi- 
fied in the extracellular compartment [Eilon and 
Raisz, 1978; Baron et al., 1985; Rifkin et al., 
1991; Karhukorpi et al., 1992; Goto et al., 1993; 
Sasalu and Ueno-Matsuda, 19931. 

Recently, we have documented that estrogen 
treatment results in a decrease in the steady 
state levels of the mRNAs of a variety of lyso- 
somal enzymes in both avian osteoclasts and 
human osteoclast-like multinucleated cells from 
giant cell tumors of the bone [Oursler et al., 
1994, 19931. The avian cDNA probes used to 
study avian osteoclasts identified both lysozyme 
and a lysosomal membrane protein decreases in 
mRNA levels. The human cDNA probes used to  
analyze the human giant cell tumor cultures 
identified cathepsins B and D and TRAP de- 
creases in mRNA levels. Since mRNA changes 
do not necessarily result in altered protein pro- 
duction, it was important to investigate the ef- 
fects of estrogen on osteoclast lysosomal enzyme 
production and secretion. Therefore, to more 
fully understand the mechanism by which estro- 
gen modulates osteoclast resorption activity, we 
have assessed the influence of estrogen treat- 
ment on the production and secretion of lyso- 
somal enzymes from highly purified avian osteo- 
clasts and human osteoclast-like cells in vitro. 

METHODS 
Cell Isolation and Culture 

All steroids were dissolved in 95% ethanol 
(vehicle) at a X1,OOO concentration and stored 
in the dark at -20°C. Osteoclasts and multi- 
nucleated cells from a giant cell tumor were 
isolated as described previously using an osteo- 
clast-directed monoclonal antibody (a gift from 
P. Osdoby, Washington University) [Collin- 
Osdoby et al., 1991; Oursler et al., 1991b, 19941. 
Isolated cells were cultured in phenol red-free 
alpha minimal essential media (aMEM) supple- 
mented with 10% (v/v) charcoal stripped fetal 
calf serum and bone particles (1 mg/106 cells) 
with either vehicle (control) or the indicated 
concentration of the indicated steroid for the 

specified time period in a 5% (v/v) C02/95% 
(v/v) air chamber at 37°C. Cells were harvested 
by scraping the plates while on ice in culture 
media, followed by centrifugation at 9OOg for 5 
min at 4°C. The cell pellets and the conditioned 
media were stored separately at - 70°C until 
analyzed. 

Enzyme Activity Assays 

Cell extracts were obtained by resuspension of 
the pellets in distilled water containing 0.1% 
(v/v> Brij 35 detergent and sonication. The con- 
ditioned media was supplemented with Brij 35 
detergent to the same concentration. The ex- 
tracts and conditioned media were assayed as 
follows: TRAP activity was measured using an 
assay based on the work of Brandenberger and 
Hanson [1953] and Hofstee [19541. Briefly, the 
initial rate of hydrolysis of o-carboxyphenylphos- 
phate was determined by following the increase 
in absorbency at 300 nm resulting from the 
liberation of sialyic acid. One unit hydrolyses 
one micro mole of o-carboxyphenylphosphate 
per minute at 24T,  pH 5.0. The assay is per- 
formed in the presence of 1 mM tartrate. Cathep- 
sin activity was measured by incubation with 
the appropriate substrate, as outlined by Bar- 
rett and Kirschke [19811. Cathepsin B activity 
was measured by hydrolyzing Na-CBZ-lysine 
p-nitrophenyl ester (Sigma Chemical Go., St. 
Louis, MO) as measured by 520-nm absorbance. 
Cathepsin L was measured by hydrolyzing Na- 
CBZ-phenylalanine arginine N methionine 
(Sigma Chemical Go.) using excitation at  370 
nm and resultant emission at 460 nm. 0-Gluc- 
uronidase was assayed by measuring the hydro- 
lysis of phenolphthalein glucuronic acid. One 
mole of P-glucuronidase will hydrolyze 1 kmole 
of phenol phenophthalein P-glucuronidate per 
minute at 37°C and pH 4.5. The absorbance at 
540 nm was measured, and a standard curve to 
determine the micromoles of phenolphthalein 
liberated was derived. Lysozyme activity was 
measured by the rate of lysis of Micrococcus 
Zysodeikticus as outlined by Shugar [1952]. One 
unit is equal to a decrease in turbidity of 0.001 
per min at  450 nm at pH 7.0,25"C. To standard- 
ize for cell number, aliquots of the cell pellet 
extracts were analyzed for protein content by 
the methods of Bradford (Bio-Rad protein detec- 
tion system). The results were then calculated 
per mg protein for each sample. 
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Statistical Analysis 

The results are presented as the ratio of 
treated to control and represent the mean 2SEM 
of three separate experiments. The effects of the 
treatment were compared with the control val- 
ues by one-way analysis of variance (ANOVA); 
significant treatment effects were further evalu- 
ated by the Fisher’s least significant difference 
method for multiple comparisons in a one-way 
analysis of variance. Tests were carried out us- 
ing Apple software (Statview 11, Abacus Con- 
cepts, Inc., Cupertino, CA). 

RESULTS 
Cathepsin B 

Isolated osteoclasts were treated with a broad 
range of estrogen concentrations for 24 h. A 
dose-dependent increase in intracellular cathep- 
sin B activity was detectable at 10-lo M 17P-Ez 
whereas a dose-dependent decrease in activity in 
the conditioned media was detectable at M 
17P-E2 (Fig. 1A). The elevation in intracellular 
accumulation of cathepsin B was detectable by 4 
h of culture and a significant decrease in se- 
creted cathepsin B activity was evident after 18 
h of culture (Fig. 1B). The specificity of the 
response was examined by treatment of isolated 
osteoclasts for 24 h with the inactive estrogen 
stereoisomer 170l-E~ and by co-treatment with 
17P-E2 and a specific estrogen antagonist, ICI 
182-780 (a gift from Zeneca [formerly 1.C.I.I) 
Makeling et al., 19911 (Fig. 1C). These data 
demonstrate that 170l-E~ did not effect osteo- 
clast cathepsin B levels in a manner similar to 
17P-E2 and that the specific estrogen antagonist 
was effective at blocking the influence of 17p-E~ 
on osteoclast Cathepsin B accumulation and 
secretion. 

Cathepsin 1 

Isolated osteoclasts treated for 24 h with 
17P-Ez secreted less cathepsin L into the media 

Fig. 1. Cathepsin B response. Isolated osteoclasts were treated 
with the indicated concentration of 17P-Ez (A) or M 
1 7f3-E2 for the indicated time (B). C: Isolated osteoclasts were 
treated with either vehicle (VEH), M 1 7a-Ez (ALPHA), lo-’ 
M 1 7P-E2 (BETA), 1 0-7 M ICI 182-780 (ICI), or 1 0-9 M 1 7P-E2 
and lo-’ M ICI together (ICI + BETA) for 24 h. Conditioned 
media and cell extracts were analyzed for cathepsin B activity, 
as outlined under Methods. Results were standardized for cell 
number by calculating activity per mg cell protein and are 
presented as the ratio of treated to control (vehicle treated). 
* P  < 0.01; * * P  < 0.005. 
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and also contained less intracellular enzyme ac- 
tivity (Fig. 2A). These effects were measurable 
at M 17p-Ez and maximal a t  M 17p- 
Ez. The responses were detectable after 18 h of 
treatment (Fig. 2B). The response was specific 
for 17P-E2, since either treatment with 17a-E~ 
or cotreatment with 17p-Ez and the estrogen 
antagonist did not result in a similar decrease in 
either secreted or cell-associated cathepsin L 
activity (Fig. 2 0 .  

p-Clucuronidase 

In an analogous manner to the above cathep- 
sin L results, treatment of isolated osteoclasts 
with a broad range of estrogen concentrations 
resulted in a steroid dose-dependent decrease in 
cell-associated with secreted p-glucuronidase lev- 
els that was detectable at M 17P-Ez and 
maximal at lops M 17p-Ez (Fig. 3A). This re- 
sponse was measurable after 18 h of treatment 
and was specific for 17p-Ez (Fig. 3B,C). 

Lysozyme 

Cell-associated and secreted levels of lyso- 
zyme activity were decreased by treatment with 
17p-Ez and this steroid dose-dependent effect 
was detectable at  M steroid and maximal 
at M 17p-Ez (Fig. 4A). Moreover, the re- 
sponse was detectable after 18 h of culture and 
was steroid specific (Fig. 4B,C). 

TRAP 

TRAP cell-associated enzyme activity levels 
increased, while the level of secreted activity 
decreased (Fig. 5A). In response to 17P-Ez treat- 
ment, this effect was steroid dose dependent and 
measurable at M 17@-Ez and maximal at  
lop8 M 17P-Ez. The influences of 17p-E2 were 
detected following 18 h of culture and appeared 
to be steroid specific (Fig. 5B,C). 

~~ 

Fig. 2. Cathepsin L response. Isolated osteoclasts were treated 
with the indicated concentration of 17P-E2 (A) or M 
1 7p-E2 for the indicated time (6). C: Isolated osteoclasts were 
treated with either vehicle (VEH), 1 0-9 M 1 7a-EZ (ALPHA), 1 0-9 
M 1 7p-E2 (BETA), 1 0-7 M ICI 182-780 (ICI), or 1 0-9 M 1 7p-E2 
and M ICI together (ICI + BETA) for 24 h. Conditioned 
media and cell extracts were analyzed for cathepsin L activity, 
as outlined under Methods. Results were standardized for cell 
number by calculating activity per mg cell protein and are 
presented as the ratio of treated to control (vehicle treated). 
* P  < 0.01; **P < 0.005. 
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Giant Cell Tumor Cell Responses 

Isolated multinucleated cells from the giant 
cell tumors increased cell-associated levels of 
cathepsin B, 8-glucuronidase, and TRAP follow- 
ing treatment with M 17P-E2 (Fig. 6). The 
levels of secretion of cathepsin B, cathepsin L, 
and TRAP were decreased, whereas the levels of 
secretion of p-glucuronidase and cell-associated 
cathepsin L were unchanged. Moreover, there 
appeared to be no measurable effects of 17P-E2 
treatment on lysozyme and total acid phospha- 
tase levels. 

DISCUSSION 

The data presented here demonstrate that 
estrogen decrease secretion of cathepsin B, ca- 
thepsin L, p-glucuronidase, lysosome, and TRAP 
in culture of avian osteoclasts. Intracellular lev- 
els of cathepsin L, p-glucuronidase and lyso- 
zyme similarly decrease. By contrast, there is a 
steroid dose-dependent elevation in the concen- 
tration of cathepsin B and TRAP within these 
cells. The response pattern was somewhat differ- 
ent in isolated human osteoclast-like cells. When 
a comparison is made between the estrogen re- 
sponses presented here between authentic avian 
osteoclasts and human osteoclast-like cells, an 
interesting pattern appears. In both cell popula- 
tions, the cellular-associated cathepsin B and 
TRAP increase, while the secreted levels of these 
enzymes decreased. The patterns observed with 
the other lysosomal enzymes are not in accord 
with the observed response in osteoclasts. These 
variations may reflect phenotypic differences in 
estrogen responsiveness. Alternatively, the dif- 
ferences may be the result in differences in the 
paracrine/autocrine culture environment be- 
tween the two phenotypes. This is not unlikely 
given the recent observations of multiple stimu- 
latory factors being produced by the tumor cells 
in culture [Hasegawa et al., 1993; Oreffo et al., 
19931. 

Fig. 3. p-Clucuronidase response. Isolated osteoclasts were 
treated with the indicated concentration of 1 7P-E2 (A) or 1 0-8 
M 1 7p-E2 for the indicated time (6). C: Isolated osteoclasts 
were treated with either vehicle (VEH), 1 0-9 M 1 7a-E~ (ALPHA), 
1 0-9 M 1 7p-E2 (BETA), 1 0-' M ICI 182-780 (ICI), or 1 0-9 M 
17p-E2 and lo-' M ICI together (ICI + BETA) for 24 h. Condi- 
tioned media and cell extracts were analyzed for p-glucuroni- 
dase activity, as outlined under Methods. Results were standard- 
ized for cell number by calculating activity per mg cell protein 
and are presented as the ratio of treated to control (vehicle 
treated). ' P  < 0.01 ; * * P  < 0.005. 
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Osteoclasts firmly attach to the bone surface, 
forming a sealed compartment between the cell 
and the bone [Jones et al., 19851. The plasma 
membrane juxtaposed to this bone surface be- 
comes lined with hydrogen ATPase molecules 
that pump H+ ions into the extracellular space 
[reviewed by Blair and Schesinger, 19921. The 
pH of this compartment can reach as low as 4.7, 
creating an environment in which acidic lyso- 
soma1 enzymes are functional [Silver et al., 
19881. Many lysosomal enzymes are direction- 
ally secreted into this compartment, including 
p-glycerol phosphatase, aryl sulfatase, p-gluc- 
uronidase, and multiple cathepsins [Eilon and 
Raisz, 1978; Baron et al., 1985; Rifkin et al., 
1991; Karhukorpi et al., 1992; Goto et al., 1993; 
Sasaki and Ueno-Matsuda, 19931. Although os- 
teoclasts synthesize and secrets a number of 
lysosomal enzymes, the precise mechanism by 
which the bone is degraded remains unclear. 
Several lysosomal enzymes have been selected 
for these studies on the basis of evidence in the 
literature that these enzymes are likely to be 
involved in bone resorption. TRAP is the most 
abundantly synthesized and secreted enzyme 
made by osteoclasts [Hammarstrom et al., 19711. 
Moonga et al. [19901 have shown that there is a 
correlation between TRAP inhibition and de- 
creased resorption activity. Moreover, antibod- 
ies to TRAP have been used to inhibit resorption 
activity in vitro [Zaidi et al., 19891. Everts et al. 
[19881 showed that inhibition of cysteine prote- 
ases decreased resorption levels, however, there 
is conflicting evidence on which cathepsins are 
involved in osteoclast-mediated resorption. Goto 
et al. [1993] immunolocalized both cathepsin B 
and cathepsin L in the extracellular resorption 
lacunae, whereas there was a high level of intra- 
cellular cathepsin D in the osteoclasts. Rifkin et 
al. [19911 demonstrated 25-fold higher levels of 
cathepsin L than cathepsin B associated with 

Fig. 4. Lysozyme response. isolated osteoclasts were treated 
with the indicated concentration of 17P-EZ (A) or M 
17p-E2 for the indicated time (B). C: Isolated osteoclasts were 
treated with either vehicle (VEH), M 1 7a-Ez (ALPHA), 1 0-9 
M 1 7p-Ez (BETA), I O-’ M ICI 182-780 (ICI), or I 0-9 M 1 7p-E2 
and lo-’ M ICI together (ICI + BETA) for 24 h. Conditioned 
media and cell extracts were analyzed for lysozyme activity, as 
outlined under Methods. Results were standardized for cell 
number by calculating activity per mg cell protein and are 
presented as the ratio of treated to control (vehicle treated). 
*P .c 0.01. 
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Fig. 6. Giant cell tumor response. Isolated multinucleated cell 
from three giant cell tumors of the bone were treated with 
either vehicle or 1 0-9 M 1 7P-E2 for 24 h. Conditioned media 
and cell extracts were analyzed for enzyme activity, as outlined 
under Methods. Results were standardized for cell number by 
calculating activity per rng cell protein and are presented as the 
ratio of treated to control (vehicle treated). * P  < 0.01 . 

osteoclasts; furthermore, a selective inhibitor of 
cathepsin L successfully inhibited bone resorp- 
tion in vitro. This observation is additionally 
supported by the data from Kakegawa [19931 
that inhibition of cathepsin B activity did not 
inhibit resorption, whereas inhibition of cathep- 
sin L did inhibit resorption. Collectively, these 
data support a role for cathepsin L in osteoclast- 
mediated bone resorption, but there is also evi- 
dence that cathepsin B may play a key role in 
this process. Using a functional assay based on 
collagenolytic activity a t  an acid pH, Blair et al. 
[ 19931 purified an acidic collagenase from highly 
purified osteoclasts; sequence data have con- 
firmed it to be cathepsin B. The theory that 
there are roles for multiple proteases in osteo- 
clast-mediated resorption is supported by the 
recent work of Page et al. [19931, in which the 

Fig. 5. TRAP response. Isolated osteoclasts were treated with 
the indicated concentration of 17P-Ez (A) or 1 0-8 M 1 7P-EZ for 
the indicated time (B). C: Isolated osteoclasts were treated with 
either vehicle (VEH), M 17~x-E~ (ALPHA), M 17P-E? 
(BETA), IO-’M ICI 182-780 (ICI), or M 17P-E2 and lo-’ 
M ICI together (ICI + BETA) for 24 h. Conditioned media and 
cell extracts were analyzed for TRAP activity, as outlined under 
Methods. Results were standardized for cell number by calculat- 
ing activity per mg cell protein and are presented as the ratio of 
treated to control (vehicle treated). * P  < 0.01; **f < 0.005. 
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experimental degradation of bone matrix by pu- 
rified cathepsin B and cathepsin L was com- 
pared to a mixture of proteases obtained from a 
giant cell tumor of bone. There was some degra- 
dation of osteonectin and a2HS-glycoprotein by 
the purified enzymes, but much more degrada- 
tion was observed the tumor-derived mixture. 
Moreover, each cathepsin produced a different 
pattern of osteocalcin degradation. It could be 
concluded from these data that the variety of 
proteins found in the bone matrix requires a 
mixture of enzymatic activities to  degrade them 
efficiently. This hypothesis is supported by our 
finding that a mixture of protease inhibitors is 
required to neutralize the proteolytic activity of 
isolated osteoclasts which is involved in the acti- 
vation of latent TGF-P [Oursler, 19941. 

The observation that the secretion of cathep- 
sin B and TRAP was decreased by estrogen 
treatment while the intracellular concentration 
of these lysosomal enzymes increased is intrigu- 
ing. There are several possible explanations for 
these findings, including increased synthesis of 
enzyme that has not been secreted, decreased 
rates of enzyme degradation, and impaired trans- 
port of enzymes to  the cell surface with subse- 
quent secretion. It is interesting that the accu- 
mulation of intracellular cathepsin B and TRAP 
accelerates at 18-24 h of treatment. These data 
argue strongly that this accumulation is depen- 
dent on cellular events (e.g., synthesis of effector 
proteins) that must occur for a subsequent in- 
creased rate of accumulation of these enzymes 
within the cells. Baron et al. [19881 demon- 
strated that osteoclasts target lysosomal en- 
zymes to the resorption lacuna in a vectoral 
manner when actively resorbing. Moreover, inhi- 
bition of the resorption process by calcitonin 
appeared to disrupt secretion of aryl sulfatase 
[Baron et al., 19901. This treatment appeared to 
result in decreased synthesis of lysosomal en- 
zymes as well as decreased secretion of previ- 
ously synthesized enzymes. Thus, modulation 
of lysosomal enzyme secretion by calcitonin may 
be at the level of both synthesis and export of 
the enzymes. 

We have previously shown that treatment with 
17P-E2 decreased steady-state mRNA levels of 
lysozyme in avian osteoclasts and TRAP, cathep- 
sin B, and cathepsin D in human giant cell 
tumor cells [Oursler et al., 1993, 19941. The 
decreases in steady state mRNA levels were in 
the range of 30-60%. Thus, the decreased cell- 

associated and -secreted cathepsin L and lyso- 
zyme may be mainly the result of decreased 
steady-state mRNA levels. The increase in cell- 
associated cathepsin B and TRAP, coupled with 
the decreased secretion of these activities, sug- 
gests that estrogen may act at  multiple levels to 
modulate enzyme secretion. In this manner, 
estrogen may impair osteoclast-mediated bone 
resorption by directly acting on the mature osteo- 
clast to prevent secretion of lysosomal enzymes. 
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