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Abstract Inactivators of cysteine proteinases (CPs) were tested as inhibitors of bone resorption in vitro and in
vivo. The following four CP inactivators were tested: Ep475, a compound with low membrane permeability which
inhibits cathepsins B, L, S, H, and calpain; Ep453, the membrane-permeant prodrug of Ep475; CA074, a compound with
low membrane permeability which selectively inactivates cathepsin B; and CA074Me, the membrane-permeant
prodrug of CA074. The test systems consisted of 1) monitoring the release of radioisotope from prelabelled mouse
calvarial explants and 2) assessing the extent of bone resorption in an isolated osteoclast assay using confocal laser
microscopy. Ep453, Ep475, and CA074Me inhibited both stimulated and basal bone resorption in vitro while CA074
was without effect; the inhibition was reversible and dose dependent. None of the inhibitors affected protein synthesis,
DNA synthesis, the PTH-enhanced secretion of B-glucuronidase, and N-acetyl-B-glucosaminidase, or the spontaneous
release of lactate dehydrogenase. Ep453, Ep475, and CA074Me dose-dependently inhibited the resorptive activity of
isolated rat osteoclasts cultured on bone slices with a maximal effect at 50 wM. The number of resorption pits and their
mean volume was reduced, whilst the mean surface area remained unaffected. Again, CA074 was without effect. Ep453,
Ep475, and CA074Me, but not CA074, when administered subcutaneously at a dose of 60 ug/g body weight inhibited
bone resorption in vivo as measured by an in vivo/in vitro assay, by about 20%. This study demonstrates that cathepsins
B, L, and/or S are involved in bone resoprtion in vitro and in vivo. Whilst cathepsin L and/or S act extracellularly, and
possibly intracellularly, cathepsin B mediates its effect intracellularly perhaps through the activation of other protein-
ases involved in subosteoclastic collagen degradation. ¢ 1994 wiley-Liss, Inc.
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Bone resorption occurs beneath the osteoclast
ruffled border in a segregated extracellular mi-
croenvironment which resembles a secondary

Abbreviations used: Ep 475, trans-epoxysuccinyl-leucyl-
amido-(3-methyl)butane; Ep453, trans-epoxysuccinyl-leucyl-
amido-(3-methyl)butane ethyl ester; CA074, N-(L-3-trans-
propylcarbamoy! oxirane-2-carbonyl)-L-isoleucyl-L-proline;
CA074Me, N-(L-3-trans-propylcarbamoyloxirane-2-car-
bonyl)-L-isoleucyl-L-proline methyl ester.

Received February 22, 1994; accepted March 25, 1994.

David J. Buttle’s present address is Department of Human
Metabolism and Clinical Biochemistry, University of Shef-
field Medical School, Beech Hill Road, Sheffield S10 2RX,
United Kingdom.

Address reprint requests to P.A. Hill, Department of Cell
and Molecular Biology, Strangeways Research Laboratory,
Worts Causeway, Cambridge CB1 4RN, United Kingdom.

© 1994 Wiley-Liss, Inc.

lysosome [Baron, 1989]. Solubilization of bone
mineral is achieved by acidification [Baron et al.,
1985], whereas the organic matrix (mainly type
I collagen) is degraded by proteolytic enzymes,
especially the lysosomal cysteine proteinases
(CPs) such as cathepsins B, L, and S and the
matrix metalloproteinases (MMPs), including
collagenase [Délaisse and Vaes, 1992].

The involvement of CPs in matrix resorption
was originally suggested by their ability to de-
grade type I collagen at acid pH [Etherington,
1972; Burleigh et al., 1974; Kirschke et al,,
1982]. Direct evidence for their participation in
bone resorption was subsequently provided by
the finding that inhibitors of CPs prevented
resorption of bone explants [Delaissé et al., 1980,
1984; Lerner and Grubb, 1992]. Furthermore,
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ultrastructural studies have demonstrated that
inhibitors of CPs prevent collagen degradation
within the subosteoclastic resorption zone whilst
allowing demineralization to proceed [Everts et
al., 1988, 1992]. Although there is evidence for
the involvement of cathepsin L in bone collagen
degradation, recent findings have questioned the
involvement of cathepsin B in this process
[Rifkin et al., 1991; Kakegawa et al., 1993].

Three CPs have been isolated from mouse
calvarial tissue; cathepsins B, L, and a cathepsin
L-like 70 kDa proteinase [Delaissé et al., 1991]
and multiple forms of cathepsin B have been
isolated from human osteoclastomas [Page et
al., 1992]. While cathepsins B and L have been
immunolocalized in both osteoclasts and the
subosteoclastic resorption zone [Sasaki and
Ueno-Matsuda, 1993; Ohsawa et al., 1993; Goto
et al., 1993] a recent study has suggested that
cathepsin L is the main CP responsible for bone
collagen degradation since the epoxy-peptide in-
hibitor CA0Q74, specific for the inactivation of
cathepsin B [Murata et al., 1991; Buttle et al.,
1992a,b], failed to inhibit bone resorption [Kak-
egawa et al., 1993]. However, since CA074 is a
negatively charged molecule, its ability to enter
cells is limited, so the involvement of intracellu-
lar cathepsin B may not have been detected. The
methyl ester of CA074 (CA074Me) is a proinhibi-
tor of cathepsin B that is inactive but can enter
cells and inhibit cathepsin B presumably follow-
ing de-esterification [Buttle et al., 1992a,b]. This
is analogous to a similar epoxy-peptide, Ep475,
which is capable of traversing membranes only
as its ethyl ester (Ep453) and following de-
esterification, binds to intracellular cysteine pro-
teinases [Tamai et al., 1986; Wilcox and Mason,
1992]. Whereas CA074 and CAQ074Me are selec-
tive inhibitors of cathepsin B, Ep475 and Ep453
inhibit the collagenolytic cathepsins B, L, and S
[Buttle and Saklatvala, 1992; Buttle et al.,
1992a,b].

The control of bone resorption by CP and/or
MMP inhibitors could be valuable in the clinical
management of pathological conditions associ-
ated with increased levels of bone loss such as
osteoporosis, arthritis, Paget’s disease, tumor
osteolysis, and periodonitis. OQur strategy has
been therefore to use inactivators that are spe-
cific for one particular CP or MMP to determine
which enzyme(s) is involved. The recent find-
ings that the membrane permeant proinactiva-
tors, Ep453 and CA074Me are potent inhibitors
of cartilage proteoglycan degradation [Buttle et

al., 1993] prompted us to assess the effects of
Ep475, Ep453, CA074, and CA074Me on bone
resorption in vitro and in vivo to determine the
roles of cathepsin B, L, and/or S in this process.

MATERIALS AND METHODS
Materials

Synthetic human parathyroid hormone [PTH-
(1-84)] was a gift from the Division of Biological
Standards, National Institute of Medical Re-
search, Mill Hill, UK, and 1,25-Dihydroxyvita-
min D; [1,25(0H),D;] was a generous gift from
Dr. Ian Dickson, Brunel University, Uxbridge,
UK. Actinomycin D, L-proline, thymidine, indo-
methacin, and alpha minimum essential me-
dium (a-MEM) were purchased from Sigma
Chemical Co (Poole, Dorset, UK); 45CaCl,,
methyl-[3H]-thymidine, and L-[5-3H]-proline
were purchased from Amersham International
plc (Amersham, Buckinghamshire, UK). BGJ
medium was obtained from Flow Laboratories
(Irvine, Scotland).

The LL-isomer of Ep453 (also known as EST,
E64d, and loxistatin) and Ep475 (also known as
E64c) were synthesized as described [Tamai et
al., 1987]. CA074 was synthesized as described
[Murata et al., 1991] and converted to CA074Me
by treatment with diazomethane [Buttle et al.,
1992a,b].

METHODS
Bone Resorption Assays

Bone cultures. Bone resorption was as-
sessed either by analysing 4°Ca?* or [3H]-proline
release from cultured neonatal mouse calvarial
bones [Reynolds and Dingle, 1970]. Briefly,
1-day-old mice were injected subcutaneously
with either 1-4 pCi 4°CaCl, or 10 pCi [®H]-
proline. After 6 days the calvariae were excised
and the posterior two thirds of the parietal bones
were dissected into four pieces and pre-cultured
in BGJ medium (1 ml) containing indomethacin
(1 pM) for 24 h [Lerner, 1987; Ljunggren et al.,
1991]. Bones that were stimulated by PTH or
1,25(0H);D; were also treated with the hor-
mones during this initial preincubation period.
Paired bones were subsequently cultured in pairs
in fresh BGJ medium (1 ml) with and without
the CP inhibitors. Mobilization of radioactivity
was expressed as the percentage release of ini-
tial isotope (calculated as the sum of radioactiv-
ity in medium and bone after culture). To deter-
mine *5Ca2* release due to passive exchange of
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isotope with cold Ca2* in the culture medium,
four parietal bone quarters from each litter were
devitalized by three cycles of freeze-thawing.
The percentage release from the devitalized bone
was subtracted from each living bone to give the
amount of cell-mediated resorption (CMR).

Isolated osteoclast-bone resorption as-
say. The osteoclast bone resorption assay is
based on the ability of isolated osteoclasts to
resorb devitalized cortical bone or ivory slices in
vitro [Osdoby et al., 1982; Zambonin-Zallone et
al., 1982; Chambers et al., 1985a,b]. Bone slices
200 pm thick were cut with a low-speed, water-
cooled diamond saw (Isomet, Buehler UK Ltd.,
Coventry, Warwickshire, UK) from a 1 cm?
square rod. Slices were cleaned by ultrasonica-
tion for 20 min in distilled water, sterilized in
70% ethanol for 1 h, and stored dessicated at
room temperature until use. Osteoclasts were
prepared from 2-3-day-old rats (Wistar). After
killing the animals, femora and tibiae were re-
moved and freed of adherent soft tissue adher-
ent soft tissues, cut across their epiphyses, and
sectioned longitudinal. Osteoclasts were me-
chanically disaggregated by curetting the bones
into 4 ml] phosphate-buffered saline and agitat-
ing the cell suspension with a pipette. Larger
fragments were allowed to settle for 10 s before
500 pl aliquots of the supernatant cell suspen-
sion were immediately transferred to six wells of
24 well culture dishes (Costar), each containing
a single bone slice. Cells were allowed to settle
for 1 h at 37°C. The substrate was then washed
free of nonadherent cells and the slices incu-
bated for 20 h in a humidified atmosphere of 5%
CO0./95% air at 37°C in 500 pl a-MEM supple-
mented with 10% FCS, 2.0 g/L. NaHCO;, 2 mM
L-glutamine, 100 p./ml penicillin, and 100 pwg/ml
streptomycin; these culture conditions result in
a culture medium pH of approximately 7.2 [Ar-
nett and Dempster, 1986].

Owing to the variability in the number of
osteoclasts isolated from each rat, a single experi-
ment consisted of six bone slices bearing the
cells from one rat with three slices for each
control and test variable. Each experimental
variable was repeated five times and the results
were expressed as the percentage inhibition of
the control which was set at 100%.

At the completion of the culture period, the
bone slices were either stained unfixed with
neutral red so that live osteoclasts could be
counted, or fixed with warm (37°C) formalde-

hyde-acetone-citrate (1:6.5:2.5) solution. Follow-
ing fixation the specimens were stained for 30
min at 37°C in darkness for tartrate resistant
acid phosphatase (TRAP) activity; osteoclasts
were identified as large multinucleated (three or
more nuclei) strongly TRAP-positive cells. In
those experiments where the maximum concen-
tration of inhibitor was used, osteoclast counts
were made over the entire surface of each slice.
Cells were then dislodged from the bone slices
by rubbing each slice with gloved fingers and the
specimens restained with toluidine blue in order
to count the resorption lacunae [Boyde et al.,
1984]. The method used for the precise quantita-
tion of the resorption capacity of the osteoclasts
involved estimating the surface area and volume
of each lacuna [Jones et al., 1992].

In vivo/in vitro bone cultures. This
method has been described in detail [Reynolds,
1972]. Briefly, 1-day-old mice were injected sub-
cutaneously (s.c.) with 1 wCi 45CaCl, and after 6
days the mice were weight-paired with one mouse
acting as control. The control was injected s.c.
with 30 pl of 0.15 M NaCl (vehicle), while the
other mouse was injected s.c. with vehicle supple-
mented with 60 pg/g bodyweight of either
CA074, CA074Me, Ep475, or Ep453. The mice
were sacrificed 3 h after injection and pairs of
explants of half-calvariae were prepared from
each mouse; one bone of each pair was devital-
ized by freeze-thawing to calculate CMR. The in
vitro incubation lasted for 24 h and mobilization
of radioactivity was expressed as a percentage
inhibition of control cultures.

Protein Synthesis

Protein synthesis in cultured calvariae was
assessed by preculturing calvarial halves for 24
h in 1 ml BGJ medium with and without the
different CP inhibitors. One group of bones was
incubated in medium containing actinomycin D
(100 nM) as a control. The cultures were main-
tained at 37°C in a humidified atmosphere of 5%
CO2/95% air. During the last 6 h, the explants
were labelled with 2 wCi of [*H]-proline in the
presence of cold carrier proline (100 pM). The
bones were washed in 3% (w/v) ice-cold trichlo-
roacetic acid (TCA; 3 x 15 min) and water
{3 X 10 min). Each bone was dissolved in 200 p.l
formic acid for 45 min at 60°C. A scintillation
cocktail was added and the mixture was counted
for radioactivity.



Cysteine Proteinases and Bone Resorption 121

DNA Synthesis

DNA synthesis in calvarial bones was esti-
mated by incubating the explants in the pres-
ence of [*H]-thymidine and isolating labelled
DNA by a method described by Lerner and
Granstrom [1984]. Briefly, the calvarial halves
were preincubated for 24 h in 1 ml of BGJ
medium with and without the different CP in-
hibitors. The culturs were maintained at 37°C in
a humidified atmosphere of 5% CO,/95% air.
For the last 6 h the explants were labelled with 5
uCi of [3H]-thymidine in the presence of cold
carrier thymidine (10-¢ M). The explants were
then homogenized in 1 ml of cold saline and
precipitated with 10% TCA and centrifuged. The
precipitate was suspended in 5% T'CA and heated
at 60°C for 20 min, cooled, and recentrifuged.
The radioactivity in the hot 5% TCA soluble pool
(DNA fraction) was determined by liquid scintil-
lation.

Enzyme Release

The release of the lysosomal enzymes, B-gluc-
uronidase and N-acetyl-B-glucosaminidase, and
the cytosolic enzyme lactate dehydrogenase from
the calvarial bones was measured. In these ex-
periments calvarial bones were cultured in 2 ml
medium containing the various CP inhibitors
for 24 h.

B-Glucuronidase was analysed using phen-
ophthalein glucuronic acid as the substrate
[Fishman et al., 19671]; 1 unit of B-glucuronidase
activity will liberate 1 pg of phenolphthalein in
20 h at 37°C. N-acetyl-B-glucosaminidase was
analysed using p-nitrophenyl-N-acetyl-p-D-glu-
cosaminide as the substrate; 1 unit refers to the
decomposition of 1 pwmol substrate/min. The
activity of lactate dehydrogenase (LDH) was
assayed by monitoring the oxidation rate of re-
duced nicotinamide adenine dinucleotide at 340
nm [Cabaud and Wroblewski, 1958]; 1 unit of
LLDH converts 1 pmol of pyruvate per minute at
25°C.

Statistical analysis. Statistical evaluation
of the data was done using the Mann-Whitney
test.

RESULTS
Effect of CP Inhibitors on Calvarial Bone
Resorption In Vitro

Initially we examined the effects of the CP
inhibitors on both the basal and stimulated (ei-

ther PTH or 1,25(0OH),D,) release of 45Ca2+ and
[3H]-proline from prelabelled mouse calvarial
bones during a 24 h culture period (Fig. 1). The
inhibitory effects of Ep453 (0.1 uM), Ep475 (1
pM), and CA074Me (5 uM) on stimulated bone
resorption were complete; CA074 was without
effect. Although Ep453, Ep475, and Ca074Me
produced a significant inhibition of basal resorp-
tion at a 50 uM concentration, their effects were
incomplete, although it is noteworthy that they
prevented the basal release of [3H]-proline to a
greater extent than that of *Ca2+; CA074 was
again without effect.

We then extended the study by testing a range
of doses of the CP inhibitors of the PTH-
stimulated release of [3H]-proline from prela-
belled mouse calvarial bones during a 48 h cul-
ture period (Fig. 2). CA074Me, Ep475, and
Ep453 inhibited the release of [3H]-proline dose-
dependently, with Ep453 producing a statisti-
cally significant inhibition at 1 nM, Ep475 at 0.1
wM, and CA074Me at 1 uM. CA074 was again
without effect even at a dose of 50 uM. During
the 48 h culture period we found that a 10-fold
higher concentration of the respective CP inacti-
vators was required to completely prevent PTH-
stimulated resorption compared to the 24 h cul-
tures.

A time-course experiment (Fig. 3) was then
carried out in which bones were cultured for 96
h with CA074 (50 pM), CA074Me (50 pM),
Ep475 (50 pM), and Ep453 (5 uM). CA074Me,
Ep475, and Ep453 produced a significant inhibi-
tion of PTH (20 nM)-stimulated 45Ca?* release
throughout the culture period of 96 h, although
the effects of CA074Me were incomplete during
the latter 48 h of culture.

To exclude the possibility that cell death was
contributing to the inhibition a recovery experi-
ment was performed. Calvarial bones were
treated with PTH and one of the inhibitors for
the first 48 h and then cultured with PTH alone
for a further 4 days. The inhibitory effects of
CA074Me, Ep475, and Ep453 seen during the
initial culture period were gradually lost, the
amount of PTH-stimulated #Ca?* release re-
turning to normal by 96-144 h (Table I). Fur-
ther evidence that inhibition was not due to
toxic effects included the findings that none of
the CP inhibitors at a concentration of 50 uM
affected either protein or DNA synthesis, as
assessed by the incorporation of [*H]-proline
and [3H]-thymidine into the explants (Table II).
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Fig. 1. Effect of the CP inhibitors on basal, PTH (20 nM), and different from the untreated controls (P < 0.001). The inhibi-

1,25(0OH),D;3 (10 nM)-stimulated release of %5Ca?* (A) and
[*H]-proline (B) from calvarial bones. Values are expressed as
the mean percentage (= SEM) of radioisotope released from
five pairs of cultured bones after 24 h of incubation. The
stimulatory effect of PTH and 1,25(0OH);D3 was significantly

As expected, actinomycin D (100 uM) and hy-
droxyurea (100 uM) completely blocked the up-
take of [*H]-proline and [®H]-thymidine, respec-
tively. Finally, none of the CP inhibitors
enhanced the release of the cytosolic enzyme,
lactate dehydrogenase from calvarial explants
(Table III), and the CP inhibitors did not affect
the PTH-stimulated release of the lysosomal

tory effects of CAO74Me, Ep475, and Ep453 were significantly
different from those of either PTH or 1,25(OH),Dj; alone and on
the unstimulated release of [3H]-proline and #°Ca?*; CA074
was without effect. *P < 0.05, **P < 0.025, ***P < 0.01.

enzymes, B-glucuronidase, and N-acetyl-B-glu-
cosaminidase.

Isolated Osteoclast Assay

We examined the direct effect of CP inhibitors
on osteoclast function in an isolated osteoclast
resorption pit assay. Devitalized cortical bone
slices devoid of an osteoid layer were used as a
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Fig.2. Effect of the CP inhibitors at different concentrations on
the PTH (20 nM)-stimulated release of [*H]-proline from cal-
varial bones after a 48 h incubation period. The results are
expressed as percentage inhibition of PTH-stimulated [3H]-
proline release, which was arbitrarily set to 100%. Each box is

mineralized substrate, as described in the Mate-
rials and Methods section.

At the end of a 20 h culture period the cells
were inspected both after neutral red staining
and following fixation and staining for TRAP. In
the presence of CP inhibitors multinucleated
cells took up neutral red just as well as the
controls, again suggesting that the viability of
the cells was not affected. Morphological exami-
nation also showed that the inhibitors did not
appear to alter the peripheral ruffies of the cells,
indicating that the inhibitors did not interfere
with the motility of the osteoclasts. Further-
more, at the maximal concentrations used (Fig.
1), none of the CP inhibitors altered the number
of osteoclasts, as compared to controls. The mean
number of TRAP-positive multinucleated cells
per 1 ecm? slice (nine slices per treatment) was
32.3 + 6.1 for the control, 27.3 = 5.4 for CA074
(50 pM), 29.3 = 4.2 for CA074Me (50 uM),
36.1 + 6.4 for Ep453 (50 pM), and 25.1 + 3.1 for
Ep475 (50 pM).

~* 4107® 5x107° 107

Ep475 (M)

Ep453 (M)

the mean + SEM of five pairs of bones. The inhibitory effects of
CA074Me (10755 x 107> M), Ep475 (1077-1075 M), and
Ep453 (1079-107% M) were statistically significant. *P < 0.05,
**P < 0.025, ***P < 0.01 compared with control.

Three-Dimensional Analysis of the
Resorption Lacunae

The analysis by confocal laser scanning micros-
copy of the bone surfaces on which osteoclasts
had been cultured without any addition revealed
typical resorption pits.

CA074Me, Ep475, and Ep453 dose-depen-
dently inhibited the number of resorption lacu-
nae; CA074 was again without effect (Fig. 4). At
the maximum concentration (50 pM), CA074Me
caused a 62 + 3.4% reduction, Ep475 caused a
73 + 4.6% reduction, and Ep453 caused a 79.5 =
6.2% reduction in the number of lacunae com-
pared to control cultures.

When the extent of bone resorption was as-
sessed by measuring the plan surface area of the
lacunae it was found that CA074Me, Ep475, and
Ep453 produced a dose-dependent inhibition
similar to that for the number of resorption
lacunae. At the maximum concentration used
(50 uM), CA074Me caused a 64.6 = 5.1%, Ep475
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Fig.3. Time-course of the effects of CA074 (50 pM), CAO74Me
(50 uM) Ep475 (50 pM), and Ep453 (5 nM) on 4>Ca?* release
from labelled mouse calvarial bones stimulated by PTH (20
nM). The release of #*Ca?* was determined after the removal of
50 p! of medium at each time point. Values are expressed as the

mean percentage (+ SEM) of radioisotope released from five
bones. The stimulatory effect of PTH was significant at all time
points (P < 0.01). CA074Me, Ep475, and Ep453 produced a
significant inhibition (P < 0.01) of the PTH-stimulated release
of #>Ca?* throughout the 96 h culture period.

TABLE 1. Recovery From the Inhibitory Effects of CP Inactivators on PTH-Stimulated Release of
45Ca From Mouse Calvarial Bonds*

Treatment % Cell mediated #5Ca2* release
0-48 h 48-144 h 0—48h 48-96 h 96-144 h
PTH PTH 199 + 2.2 178+ 1.1 14.3 = 0.8
PTH + Ep453 PTH 5.6 + 0.4*%* 9.9 + 0.7* 16.1 + 0.6
PTH + Ep475 PTH 6.3 = 0.7** 10.2 = 0.9% 16.5 £ 0.8
PTH + CA074Me PTH 6.6 + 0.7** 11.1 = 0.8% 171 = 0.8

*Values are mean + SEM for five calvarial bones prelabelled with 4 .Ci *5CaCly. PTH, Ep453, Ep475, and CA074Me were added
at final concentrations of 20 nM, 1 pM, 10 uM and 50 uM, respectively. ** and * significantly different from PTH alone at P <

0.025 and P < 0.05, respectively.

a75.9 * 6.1%, and Ep453 a 80.5 + 6.2% reduc-
tion in the surface area of bone resorbed com-
pared to control cultures. This effect on the area
of bone resorbed was attributable to the reduc-
tion in pit numbers as the mean surface area of
each pit was similar to the control cultures

(Table IV).

When bone resorption was assessed volumetri-
cally it was found that CA074Me, Ep475, and
Ep453 produced a greater degree of inhibition in
the volume of bone resorbed compared to the
reduction in pit numbers (Fig. 5). At the maxi-
mum concentration used (50 pM), CA074Me
caused an 80.7 = 5.8%, Ep475 caused an 87.1 =
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TABLE II. Effect of CP Inhibitors on [3H]-Thymidine Uptake Into DNA and [3H]-Proline
Incorporation Into Proteins in Murine Calvarial Bones*

Amount [(®*H]-thymidine [3H]-proline
Addition (pM) (dpm/half calvaria) (dpm/half calvaria)
DNA fraction

Control — 16,556 + 1873 27,432 = 3101
Ep475 50 17,321 = 2103 33,240 + 4106
Ep453 50 19,325 + 1980 31,144 + 3321
CA074 50 20,036 = 2501 27,658 + 3161
CA074Me 50 17,639 + 2031 30,165 = 2976
Actinomycin D 100 1,448 = 214
Hydroxyurea 100 1,307 = 72
Devitalized bone — 847 + 190 1,020 + 206

*Values are means = SEM for five calvarial halves, labelled with either 2 wCi [3H]-proline (protein synthesis) or 10 pCi
[3H]-thymidine (DNA synthesis) for the last 6 h of a 24 h culture period.

TABLE II1. Effect of Cysteine Proteinase Inhibitors on the Release of N-acetyl-g-Glucosaminidase,
B-Glucuronidase, and Lactate Dehydrogenase From Mouse Calvarial Bones*

Lactate
NAGase B-glucuronidase dehydrogenase

Addition (nM/ml) (units/ml) (units/ml)
Control 37+3.0 24 + 3 321 + 23
PTH 70 £ 6.0** 44 + T** 342 + 39
Devitalized bone — — 834 = 75%*
PTH + CA074 71 + 5.0%* 40 = 5** 376 = 41
PTH + CA074Me 63 * 6.0** 38 + 4** 321 + 33
PTH + Ep475 66 £ 7.0** 45 + G** 296 * 31
PTH + Ep453 79 + 6.0** 43 = 5** 359 + 38

*Unlabelled calvarial explants were cultured in the presence and absence of PTH (20 nM), with or without either CA074 (50
wM), CA074Me (50 uM), Epd75 (50 pM), or Ep453 (50 pM). The results are the means + SEM of five calvarial halves.
Devitalized bones were included as controls. **Significantly different from control bones (P < 0.025).

7.2%, and Ep453 caused a 91.3 = 6.4% reduc-
tion in the volume of bone resorbed compared to
control cultures. This was due to the significant
reduction in the mean volume of each pit as
compared to the control cultures (Table IV).

Effect of the CP Inhibitors on In Vivo/In Vitro
Bone Resorption

To determine whether the CP inhibitors were
able to inhibit bone resorption in vivo a simple
and sensitive in vivo/in vitro method of assess-
ing bone resorption was adopted [Reynolds,
1972]. The subcutaneous injection of CA074Me,
Ep475, or Ep453 into mice 3 h prior to sacrifice
resulted in an approximately 20% reduction in
bone resorption during a subsequent 24 h cul-
ture period (Table V): CA074 was without effect.

DISCUSSION

The ability of CA074Me, but not CA074 to
inhibit bone resorption is strongly suggestive of

TABLE IV. Effects of the CP Inhibitors
(1-50 pM) on the Mean Surface Area and
Volume of Individual Resorption Lacunae*

Surface area

Treatment (pm?) Volume (um?)
Control 342 + 29 951 = 21

CA074Me 352 + 89 662 = 65***
Ep475 326 + 61 656 = 61***
Ep453 360 = 79 521 + 86***

*Values are mean + S.E.M. for 914 (control) 134 (CA074Me),
104 (Ep475), and 92 (Ep453) resorption lacunea. ***Signifi-
cantly different from control at P < 0.01.

an intracellular role for cathepsin B. CA074 is a
highly selective inhibitor of cathepsin B, inacti-
vating the enzyme more than 3 orders of magni-
tude faster than it inactivates cathepsins H, L,
S, or m-calpain [Buttle et al., 1992a,b]. CA074 is
negatively charged and therefore not efficient at
entering cells. Conversion to the methyl ester
allows passive entry into cells and the rapid and
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selective inactivation of intracellular cathepsin
B [Buttle et al., 1992a,b]. The implication is that
cathepsin B may be responsible for the intracel-
lular activation of a proteinase(s) which partici-
pates in the degradation of the organic matrix
within the subosteoclastic resorption zone (see
below).

Ep475, like CAQ074, is a negatively charged
compound with limited membrane permeabil-
ity. Unlike CA074, however, it proved to be an
efficient inhibitor of bone resorption. Ep475 is a
rapid inactivator of cathepsins I, S, H, and
calpain, as well as cathepsin B [Buttle and Sak-
latvala, 1992]. Of these proteinases those with
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TABLE V. Effects of the CP Inhibitors on
Bone Resorption as Assessed by an In Vivo/

In Vitro Assay*
Pre-treatment % CMR % inhibition
of mice during 24 h of
in vivo in vitro resorption
Control 9.7+ 0.3
CA074 102 04 —
Control 121+ 0.2
CA074Me 9.7+ 0.3 19.8%*
Control 11.6 £ 0.3
Ep475 89 +03 23.2%
Control 13.1 04
Ep453 99+ 0.3 24.4*

*Values are mean + S.E.M. for five calvarial bones prela-
belled with 1 wCi *CaCl;. CA074, CA074Me, Ep475, or
Ep453 were administered at 60 pg/g body weight. Each
inhibitor was tested in a separate litter of mice. *P < 0.05,
compared to control group.

proven collagenolytic activity include cathepsin
B, L, and S [reviewed in Buttle, 1994]. The
ability of Ep475 but not CA074 to inhibit bone
resorption therefore implicates cathepsins L
and/or S, but not cathepsin B, at an extracellu-
lar site. It is likely that Ep475 can gain access to
the subosteoclastic resorption zone, probably
through the bone matrix. This compartment is
sealed off by the attachment of the osteoclast to
the calcified matrix [Baron et al., 1988] and is
the site of collagen degradation [Everts et al.,
1992]. Cathepsins L and/or S are likely to be

active in this compartment as both enzymes
efficiently digest collagen at acidic pH [Kirschke
et al., 1982, 1989] and are rapidly inactivated by
Ep475 [Buttle and Saklatvala, 1992]. Further
evidence for a role for cathepsin L has been
provided by experiments showing that Z-Phe-
Phe-CHN,, a selective inactivator of cathepsin L
compared to cathepsin B, prevented the resorp-
tive activity of isolated avian and rodent osteo-
clasts [Rifkin et al., 1991]. While there is no
direct evidence as yet demonstrating that cathep-
sin L is secreted by the osteoclast into the apical
resorption zone, the enzyme has been recently
immunolocalized in rodent osteoclasts [Ohsawa
et al., 1993].

Ep453 was the most potent inhibitor exam-
ined. This may be because of its ability to inhibit
intracellularly cathepsins B, L, and S. Thus the
intracellular action of cathepsin B would be
controlled, and in addition cathepsin L/S would
be inactivated prior to release, totally precluding
any resorptive activity.

The observation that the inhibitory effects of
CA074Me gradually declined after 48 h suggests
that CA074Me may be slowly metabolized by
tissue explants, as previously reported [Buttle et
al., 1993].

Ep453, Ep475, and CA074Me were capable of
inhibiting bone resorption when administered
in vivo, although the degree of inhibition was
not as pronounced as that obtained in vitro.
This may be attributable to their rapid clearance
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from the body in a similar manner to the related
compound, E-64 [Hashida et al., 1982]. The
degree of inhibition observed in the present
study was similar to that found when serum
calcium levels were used to monitor the extent
of bone resorption in hypocalcaemic rats [Kak-
egawa et al., 1993].

The demonstration that Ep453, Ep475, and
CA074Me induced a reduction in both the num-
ber and volume of the resorptive lacunae is in
accordance with the effects of a related CP inac-
tivator, E-64 [Delaissé et al., 1987). This sug-
gests that the CP inactivators prevent the resorp-
tive activity of some osteoclasts and partially
inhibit that of others. Whilst time lapse video
records showing osteoclast motility were not
undertaken, treated cells spread on the bone
slices and the surface areas of the resorption
lacunae remained unaffected although the vol-
ume of individual lacunae was reduced. This
suggests that osteoclasts commenced resorption
in a similar manner to controls but that further
cavitation was impeded.

Cathepsin B has been shown to be capable of
activating the MMPs, procollagenase and pros-
tromelysin [Eeckhout and Vaes, 1977; Murphy
et al.,, 1992] as well as the serine proteinase,
pro-urokinase-type plasminogen activator [Ko-
bayashi et al., 1991]. Since these three enzymes
have recently been detected within osteoclasts
[Case et al., 1989; Grills et al., 1990; Delaissé et
al., 1993], it is possible that cathepsin B has a
primary role in the activation of one or more of
these enzymes which participate in collagen deg-
radation.

The finding that the CP inhibitors prevent the
release of [*H]-proline to a greater extent than
45Ca?* in basal resorption is in agreement with
previous studies [Delaissé et al., 1980, 1984] and
suggests that solubilization of the bone mineral
by the acidic environment of the bone lacunae is
allowed to proceed until the collagenous matrix
is encountered, the degradation of which is im-
peded. Further evidence for this view was pro-
vided by the fact that individual resorption lacu-
nae in the isolated osteoclast assay were reduced
in volume but not in surface area when the
drugs were present.

In conclusion, an intracellular role for cathep-
sin B and an extracellular role for cathepsins L
and/or S in bone resorption in vivo and in vitro
has been demonstrated. Cathepsin L and/or S
are probably involved in the degradation of bone
collagen in the subosteoclastic resorption zone.

We suggest that cathepsin B is important in the
activation of bone resorbing enzymes. These
could be of the cysteine proteinase and/or ma-
trix metalloproteinase [Delaissé et al., 1984;
Heath et al., 1984; Rifas et al.; 1989 Everts et
al., 1992, Hill et al., 1993]. Further detailed
studies using selective MMP inhibitors with CP
inhibitors should clarify the respective roles of
these enzymes in bone resorption.
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