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Abstract

To investigate the contribution of IL-1, IL-6, and TNF to the
increased osteoclastogenesis induced by estrogen deficiency,
ovariectomized (ovx) mice were treated with either IL-1
receptor antagonist (IL-lra), a competitive inhibitor of IL-
1, TNF binding protein (TNFbp), an inhibitor of TNF, or
the anti-IL-6 antibody (Ab) 20F3 for the first 2 wk after
surgery. ovx increased the bone marrow cells secretion of
IL-1 and TNF, but not IL-6, and the formation of TRAP-
positive osteoclast-like multinucleated cells (MNCs) in bone
marrow cultures treated with 1,25(OH)2D3. The increase in
MNC formation induced by ovx was prevented by in vivo
treatment with either 17/8 estradiol, IL-lra, TNFbp, or anti-
IL-6 Ab. However, the percent change in MNC formation
induced by the anti-IL-6 Ab was similar in ovx and sham-
operated animals, whereas IL-lra and TNFbp were effective
only in ovx mice. MNC formation was also decreased by in
vitro treatment of bone marrow cultures with IL-lra and
TNFbp, but not with anti-IL-6 Ab. Ovx also increased bone
resorption in vivo and in vitro, as assessed by the urinary
excretion of pyridinoline cross links and the formation of
resorption pits, respectively. IL-lra, TNFbp and estrogen
decreased bone resorption in vivo and in vitro whereas the
anti-IL-6 Ab inhibited bone resorption in vitro but not in
vivo. In conclusion, these data indicate that IL-1 and TNF
play a direct role in mediating the effects of ovx on osteo-
clastogenesis and bone resorption. The data also suggest
that IL-6 is not essential for increasing bone resorption in
the early postovariectomy period. (J. Clin. Invest. 1994.
94:2397-2406.) Key words: osteoporosis * interleukin 1 X
interleukin 6 * tumor necrosis factor - cytokines * ovariec-
tomy

Introduction

Postmenopausal osteoporosis is a disorder characterized by a
progressive loss of bone tissue which begins after natural or
surgical menopause and leads to the occurrence of spontaneous
fractures (1). Although estrogen deficiency is known to cause
bone loss by stimulating the resorptive activity of mature osteo-
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clasts (OCs)' and the proliferation and differentiation of OC
precursors (2), the mechanism of these effects is still conjectural
at best. One such mechanism may be a modulatory effect on
the secretion of factors that are produced in the bone microenvi-
ronment and influence bone remodeling (2,3). Among these are
IL-1 (4-6), IL-6 (7-9), and tumor necrosis factor a and /3 (TNF)
(10,11). IL-I and TNF promote bone resorption in vitro (4,5,12)
and in vivo (13-16) by activating mature OCs indirectly, via a
primary effect on osteoblasts (15,17), and by stimulating the
proliferation and differentiation ofOC precursors (18,19). When
bound to the 80-kD binding chain of the IL-6 receptor, IL-6
also increases OC formation from hemopoietic precursors (20).
However, IL-6 does not activate mature OCs (21). As a result,
IL-6 stimulates bone resorption only in systems rich in OC
precursors, such as the mouse fetal metacarpals (22).

The multiple and potent effects of these factors on bone
resorption and the discovery of estrogen receptors in stromal
cells (23), osteoblasts (24,25) OCs (26,27), and macrophages
(28), suggest that estrogen may modulate bone resorption and
osteoclastogenesis by regulating the release of cytokines in the
bone microenvironment. Several lines of evidence support this
hypothesis. First, the expression of IL-1 and IL-6 mRNA is
increased in bone cells from postmenopausal women (29). Sec-
ond, previous observations of ours (30-32) and others (10,33-
35) demonstrate that both natural and surgical menopause are
associated with an increased monocytic production of IL-1, IL-
6, and TNF which is blocked by estrogen replacement. Third,
the simultaneous inhibition of IL-1 and TNFa normalizes the
bone resorption activity of monocyte supernatants obtained
from postmenopausal women (36). Fourth, the block of IL-1
and IL-6, prevents bone loss in ovariectomized (ovx) rats (37)
and decreases OC formation in ovx mice (8), respectively. How-
ever, in spite of these observations, the relative importance of
each cytokine and the mechanism by which they control bone
resorption and osteoclastogenesis remains to be elucidated be-
cause of the large number of factors involved and their overlap-
ping effects on bone remodeling (7,10).

The recent discovery of specific cytokine antagonists has
made it possible to block the activity of these factors for pro-
longed periods of time and to investigate the role of cytokines
in many diseases (38). Among these inhibitors are the IL-I
inhibitor, IL-I receptor antagonist (IL-lra), and the TNF inhibi-
tor, TNF binding protein (TNFbp). Human IL-Ira is a recombi-
nant 17-kD protein which shares 26% sequence homology with
IL- 1,B (39,40). IL- Ira binds to IL- I receptors and competes with
both IL-la and IL- 1p3 without detectable IL-1 agonistic effects
(41,42). TNFbp is a specific TNF inhibitor made of two mole-
cules of the extracellular domain of the human type I TNF

1. Abbreviations used in this paper: Ab, antibody; IL- 1ra, Interleukin
1 receptor antagonist; MNCs, osteoclast-like multinucleated cells; OC,
osteoclast; ovx ovariectomy; r, recombinant; TNFbp, TNF binding pro-
tein; TRAP, tartrate resistant acid phosphatase.
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receptor added to both ends of a molecule of polyethylene gly-
col. TNFbp binds with equal affinity to TNFa and TNF/3.

In a recent study we have used IL-Ira to demonstrate that
the functional block of IL-1 decreases bone loss and bone re-
sorption in ovx rats (37). In this study we have treated ovx mice
with IL-Ira, TNFbp and the anti-IL-6 Ab 20F3 to investigate
the role of IL-1, TNFa and IL-6 on the enhanced formation of
osteoclast-like multinucleated cells (MNCs) and the increased
bone resorption induced by estrogen deficiency.

Methods

Unless otherwise specified, reagents and media were from Sigma
Chemical Co. (St. Louis MO).

Study protocol. 5-wk-old C3H/Hen mice (Jackson Laboratory, Bar
Harbor, ME) were ovx or sham-operated by the dorsal approach under
general anesthesia. Based on the results of preliminary dose-response
studies (not shown) ovx mice were treated with either 173 estradiol
(0.16 pg/d, the lowest dose which maintains a normal uterine weight),
IL-Ira (25 Aug/KgBW per day), TNFbp (1 mg/KgBW per day), the anti-
IL-6 Ab 20F3 (1 mg/wk), IL-Ira vehicle, TNFbp vehicle, irrelevant
rat anti-mouse IgG (Organon Teknika Corp., West Chester, PA) or a
combination of these agents. Sham-operated mice were treated with
each of the above substances, except estrogen. For some experiments
ovx and sham-operated mice were also treated with 25 mg/KgBW per
day bovine serum albumin (BSA). IL-Ira and TNFbp were kindly pro-
vided by Synergen Inc. Ab 20F3 was a generous gift of John Kenney
(Syntex Inc.). All treatments started at the time of surgery and continued
for 2 wk. IL-Ira, IL-Ira vehicle and BSA were administered by im-
planting Alzet 2002 osmotic pumps (Alza Inc., Palo Alto, CA) in a
dorsal subcutaneous pocket at the time of surgery. Anti-IL-6 Ab and
irrelevant IgG were administered by weekly intraperitoneal injections.
TNFbp and TNFbp vehicle were injected subcutaneously every other
day. Estrogen was delivered by slow releasing subcutaneous pellets
(Innovative Research of America, Toledo, OH) implanted in a nuchal
subcutaneous pocket. None of the mice exhibited evidence of infectious
disease, impaired growth, immunosuppression or other side effects
caused by the treatments. This protocol was approved by the Animal
Care and Use Committee of the Jewish Hospital of St. Louis.

Bone marrow cell cultures. Bone marrow cultures were prepared
using previously described methods (43) with modifications. Briefly, at
time of death, the bone marrow was flushed from femurs and tibiae
with ice-cold alpha-minimal essential media (a-MEM). The cells were
collected, pelleted, resuspended in a-MEM supplemented with 10% fetal
bovine serum (FBS) (GIBCO-BRL, Grand Island, NY), and cultured in
multiwell plates (Becton Dickinson Labware, Lincoln Park, NY) at a
density of 2.5 x 106/cm2 for 7 d in presence of 10 nM 1,25(OH)2D3. At
4 d of culture, 90% of the medium was replaced and 1,25(OH)2D3 added
again at the same concentration.

Characterization of osteoclast-like multinucleated cells. At the end
of the culture period, cells were fixed and stained for tartrate resistant
acid phosphatase (TRAP) using a commercial kit. TRAP-positive cells
with three or more nuclei were counted as MNCs. Expression of calcito-
nin receptors was also assessed by autoradiography using 1251-salmon
calcitonin (Peninsula Laboratories Inc., Belmont, CA), as previously
described (44). For this assay aliquots of bone marrow cells were seeded
on 12-mm glass coverslips (Fisher scientific Co., Pittsburgh, PA), in-
serted into 24-well multiwell plates and cultured with 10 nM
1,25(OH)2D3 for 7 d. The cells were then incubated with 0.2 nM 1251 -
calcitonin with or without 100 nM cold calcitonin for 1 h at 4°C. After
washing, the cover slips were stained for TRAP, mounted onto glass
slides, dipped in LM-1 emulsion (Amersham, Arlington Heights, IL)
exposed at 4°C for 1 wk, and developed. More than 98% of the TRAP-
positive MNCs formed in the bone marrow cultures showed specific
binding of labeled calcitonin (data not shown). Therefore, we regarded
the TRAP-positive multinucleated cells formed in the bone marrow
cultures as osteoclast-like MNCs.

Resorption pit assay. The osteoclast-like identity of MNCs was

further demonstrated by assessing their ability to form resorption pits
on human cortical bone slices. For this assay we used the methods of
Boyde et al. (45) with modifications. Briefly, bone marrow cells (2.5 x
106/Cm2) were seeded in triplicate on thin slices of human bone, inserted
into 96-well culture plates and cultured for 7 d as described above. The
bone slices were then incubated overnight with 0.25 M ammonium
hydroxide and sonicated for 30 s in PBS. The slices were then stained
with 2% (wt/vol) toluidine blue in PBS, rinsed and dried. The area of
pit resorption was measured in each one of the triplicate cultures using
a digitizer-equipped semi-automatic image analyzer (R&M Biometrics,
Nashville, TN). Since the low pH required for the TRAP staining alters
the bone surface, we were unable to measure resorption pits in bone
slices stained for TRAP. Consequently, we were unable to express the
data as resorbed area/MNC. Results were, therefore, expressed as the
mean (±SEM) of the area resorbed (mm2) divided by the total area
(mm2) of the bone slice.

Pyridinoline cross-links assay. The urinary excretion of pyridinoline
cross-links, a marker of bone resorption (46), was measured at the end
of the treatment period in urine samples collected between 2:00 and
6:00 PM using an ELISA kit developed by Metra Biosystems (Palo
Alto, CA) (47). Briefly, 10 M1 urine sample and 150 ,ul of rabbit anti-
pyridinoline antiserum were added to a pyridinoline-coated microplate
and incubated overnight. After the plates were washed with PBS, 150
,ul of goat anti-rabbit IgG alkaline phosphatase conjugate was added to
each well. The unbound conjugate was then removed by washing and
the enzyme activity measured photometrically by adding an enzyme
substrate and using a microplate reader at 405 nm. Results were ex-
pressed as nmol/mmol urinary creatinine, as measured by a standard
colorimetric technique. The intra- and the interassay variation of this
method are < 7 and < 10%, respectively (47).

Cytokine assays. To investigate the effect of ovx on the production
of cytokines from bone marrow cells, additional groups of untreated
and estrogen-treated mice were subjected to ovx or sham operation as
described above and killed 2 wk after surgery. At time of death bone
marrow cells were prepared as described above, seeded at 5 x 106 cells/
ml and cultured for 72 h. IL-1, IL-6, and TNF were measured in the
bone marrow cell culture media collected at the end of the culture
period. IL-I bioactivity was measured by assessing the increment in
mitogen induced proliferation of the helper T cell DIO.G4.1 (DIO cells)
as previously described (30,31,37). The sensitivity of this assay was 1-
10 pg/ml. The nature of the assayed material was confirmed as IL-1 by
demonstrating inhibition of the conditioned medium effect on the D1O
cells proliferation in the presence of 50 ng/ml IL- Ira. IL-6 was measured
with a specific double site ELISA (Pharmingen, San Diego, CA). The
sensitivity of this assay was 10 pg/ml. TNF was measured by a specific
double-site ELISA previously described (48), using antibodies (Phar-
mingen) which recognize both TNFa and TNF,l. The sensitivity of this
assay was 25 pg/ml.

Serum IL-Ira and TNFbp assays. Serum levels of IL-Ira were mea-
sured at 2 wk of treatment using a specific ELISA recently described
(49). The sensitivity of this assay is 8 pg/ml. The serum levels of
TNFbp were estimated indirectly by a specific double-site ELISA (R&
D Systems Inc. Minneapolis, MN) which recognizes the soluble human
type I TNF receptor. The sensitivity of this assay is 10 pg/ml.

Assessment of serum neutralization activity. The presence of active
IL-Ira in the serum of IL-Ira-treated mice was determined by assessing
the serum obtained from ovx mice at the end of the treatment period
against IL-l-3 augmentation of mitogen-induced proliferation of DIO
cells, as previously described (37). Briefly, mouse sera (12.5 /1) or IL-
lra (2.5 ng) were serially diluted (1:2) and added to DIO cells seeded
in 96-wells plates. Recombinant (r) human IL-1,8 (7.5 pg) was then
added to each well. This concentration of rIL-1f3 was selected because
it induces 50% maximal augmentation in the DIO cell proliferation
assay. At the end of a 3-d culture period the DIO cell proliferation was
measured as previously described (37). Results were expressed as per-
cent change in D10 cell proliferation.

The presence of active TNFbp and anti-IL-6 Ab in the 2-wk serum
of TNFbp- and 20F3 Ab-treated mice was assessed by measuring the
ability of the sera to inhibit the binding of rTNFa and rIL-6 to immobi-
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Table L Effect of Ovariectomy (ovx) and Sham Operation
on the Secretion of IL-I Bioactivity, TNF, and IL-6 (mean±SEM)
from Bone Marrow Cells

Untreated Untreated Estrogen
sham-operated ovx treated ovx

(n = 6) (n = 6) (n = 6)

IL-I (U/ml) 3.9+0.5 15.2+0.9* 3.2+0.3
TNF (pg/ml) 48.3±10.8 137.0±20.5* 61.1+21.4
IL-6 (pg/ml) 7.8+0.7 10.5±1.1 12.5+2.1

2 wk after ovx or sham operation bone marrow cells were isolated as
described in Methods and cultured for 72 h. IL-1 bioactivity was mea-
sured in the culture medium with the DIO cell bioassay. The nature of
the assayed material was confirmed as IL-1 by demonstrating that the
addition of 50 ng/ml IL-Ira decreased IL-1 bioactivity to 0.01+0.01
U/ml (mean±SEM) in all samples. IL-6 and TNF (both a and ,/) were
measured by ELISA. * P < 0.05 compared with the corresponding
group of untreated sham-operated and estrogen treated ovx mice.

lized anti-TNF and anti-IL-6 antibodies, respectively. Briefly, sera (20
bd) from ovx mice treated with either TNFbp, Ab 20F3 or control
substances and fresh TNFbp (100 pg/ml) or Ab 20F3 (100 ng/ml) were
serially diluted (1:2) and incubated with rTNFa (1 ng/ml) or rIL-6 (0.6
ng/ml) for 3 h at 4°C (total volume 200 ,1). In parallel, microtiter plate
wells were coated with anti-murine TNFa or anti-murine IL-6 capture
antibodies (Pharmingen). Uncoupled binding sites in the wells were
blocked with 3.0% BSA. After washing, the sera previously incubated
with the rTNFa or rIL-6 were transferred to the wells and incubated in
triplicate overnight at 4°C to allow the binding of free cytokines to the
immobilized capture Ab. For detection of TNFa or IL-6 bound to the
capture Ab, 10 ng biotinylated anti-TNF or anti-IL-6 Ab was added to
each well for 1 h and washed three times. The plates were then incubated
sequentially with peroxidase-conjugated avidin and ABTS substrate
(Boehringer Mannheim Biochemicals, Indianapolis, IN). Color develop-
ment was assessed at 405 nm with a Dynatek MR 5000 ELISA reader.
Results were expressed as percent O.D. change by arbitrarily setting
the OD corresponding to 0.6 ng/ml rIL-6 or 1 ng/ml rTNFa at 100%.

Statistical analysis. The effects of surgery and treatment on MNC
formation and bone resorption were analyzed by one-way analysis of
variance and Fisher protected LSD test.

Results

Effect of ovariectomy on the secretion of cytokines from
cultured bone marrow cells. Mononuclear cells cultured in poly-
styrene plates with ordinary tissue culture media (which con-
tains small amounts of LPS) express IL-1, IL-6, and TNF
mRNA and secrete small quantities of cytokines (50-52). In
accordance with these published data, 2 wk after surgery, bone
marrow cells from untreated sham-operated mice were found
to secrete measurable amounts of IL-I bioactivity (which was
neutralized by the addition of IL-Ira to the assay system), TNF
and IL-6, into the 72-h culture medium (Table I). Ovx increased
significantly the production of IL-I and TNF, but not IL-6, as
demonstrated by the finding of higher levels of IL-I and TNF
in the culture media of cells from untreated ovx mice than in
those from sham-operated or estrogen treated ovx animals (Ta-
ble I).

Effect of ovx on osteoclast formation and bone resorption.
In preliminary studies (not shown) we have found that when
bone marrow cells were cultured in presence of 10 nM
1,25(OH)2D3 TRAP-positive mononulear cells developed in the

bone marrow cultures after 3-4 d of incubation. TRAP-positive
MNCs which resorb bone and express the calcitonin receptor
appeared on days 5-6 and reached a peak at day 7 (Fig. 1, A-
D). The lack of 1,25(OH)2D3 during the first 4 d of culture did
not prevent MNC formation. In contrast, the withdrawal of
1,25(OH)2D3 during the last 3 d of a 7-d culture prevented MNC
formation, confirming the essential role of 1,25(OH)2D3 for the
differentiation of MNCs precursors. MNC formation was pro-
portional to the number of seeded cells with an optimal yield
at 2.5-5 x 106 cells/cm2.

Fig. 2 shows the effect of ovx on bone marrow cells and
MNC formation. At time of death (2 wk after surgery) the
number of bone marrow cells derived from untreated ovx mice
was - 1.5 fold higher than that derived from sham-operated
mice. At the end of the 7-d-long culture, bone marrow prepara-
tions from ovx mice also had a higher numbers of MNCs than
cultures from sham-operated mice. This difference was ob-
served when the results were expressed either as MNCs/106
bone marrow cells or as MNCs/mouse. Fig. 2 also shows that
the effects of ovx were completely prevented by estrogen treat-
ment in vivo.

Time course experiments (not shown) revealed that the earli-
est time point at which the difference in production of MNCs
between sham and ovx mice became significant was 10 d after
surgery. The production of MNCs remained significantly higher
in cultures from ovx mice than in those from sham-operated
mice for 4 wk after surgery.

To investigate the effects of ovx on bone resorption in vivo,
we measured the urinary excretion of pyridinoline cross-links
(PYD), a new sensitive marker of resorption activity (46). 2 wk
after surgery PYD excretion was (Fig. 3 A) significantly higher
in ovx than in sham-operated mice. This increase was com-
pletely prevented by estrogen treatment. We then assessed the
ability of osteoclast-like cells to form resorption pits in vitro.
For these experiments bone marrow cells were harvested 2 wk
after ovx or sham operation, seeded on thin slices of human
bone and cultured for 7 d. Cells were then removed and the
resorption pits visualized by staining the bone slices with tolu-
idine blue. Fig. 3 B shows that MNCs formed from untreated
ovx mice excavated a larger bone area than those obtained from
either untreated sham-operated or estrogen-treated ovx mice.
Since the TRAP and the toluidine blue staining cannot be per-
formed in the same culture well, we were unable to determine
the resorption area excavated by individual OCs. However,
when the effects of ovx on MNC formation and on resorption
pits formation were examined in parallel cultures, we found
that the magnitude of the increase in the resorbed area was
similar to the increase in the number of MNCs. These findings
suggest that the increase in pit formation induced by ovx was
primarily due to an increase in number of MNCs, rather than
to an increased resorption activity of each OC.

Effect of in vivo and in vitro treatment with IL-i ra, TNFbp,
and anti-IL-6 Ab on OC formation. To investigate the effects
of in vivo treatment with IL-Ira, TNFbp, and anti-IL-6 Ab on
OC formation, ovx and sham-operated mice were treated with
these substances for 2 wk, beginning at the time of surgery. IL-
Ira and type I TNF receptor, as measured by specific ELISAs,
were not detectable in the sera of vehicle treated mice. In con-
trast, at 2 wk, mice treated with IL-Ira or TNFbp had serum
IL-Ira and type I TNF receptor levels of 1.58+0.20 Mg/ml
and 134.2+35.5 pg/ml, respectively. Proliferation neutralization
assays also demonstrated that the serum of IL- 1ra treated mice
inhibited IL- 1/,-induced augmentation of DI 0 cells proliferation
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Figure 1. (A) Formation of TRAP-positive multinucleated cells (X l(
in cultures of bone marrow cells incubated with 10 nM 1,25(OH)2D
for 7 d. (B and C) Autoradiography of '251-calcitonin binding to bor
marrow cultures (X200). Binding was observed in both mono-(arrov
and multinucleated (arrowheads) TRAP-positive cells (B). The specif
ity of the binding was demonstrated by the lack of grains in cells
incubated with excess of unlabeled calcitonin (C). (D) Resorption la(
nae formed by bone marrow cells cultured with 10 nM 1,25(OH)2D
for 7 d on human cortical bone slices. After cells were removed, thi

in a manner similar to fresh IL-Ira (Fig. 4). Similarly, competi-
tion ELISA experiments demonstrated that the sera of TNFbp-
or anti-IL-6 Ab-treated mice decreased the binding of rTNFa
and rIL-6 to the corresponding capture Ab in a manner similar
to fresh TNFbp or fresh Ab 20F3. These data demonstrate that
at 2 wk the sera of treated mice were able to neutralize the

%t corresponding cytokine.
Bone marrow cells were recovered at the end of the treat-

ment period and cultured in presence of 10 nM 1,25(OH)2D3
for 7 d. Table II shows that the increase in the number of bone
marrow cells associated with ovx was prevented by each of the

+ three cytokine inhibitors. Fig. 5 shows that the increase in MNC
formation induced by ovx was blocked by all treatments. In
these experiments the potency of IL- Ira was similar to that of
TNFbp, and superior to that of IL-6. As a result, the IL-Ira and
TNFbp treated groups produced a number of MNCs similar to
that of sham control groups, whereas bone marrow cells from
ovx mice treated with anti-IL-6 Ab formed significantly more
MNCs than the corresponding sham control group. Treatment
with both IL-Ira and TNFbp caused a further, although not
significant, inhibition of MNC formation, thus suggesting that
the effect of the two inhibitors is partially additive. Moreover,
while IL- lra and TNFbp had no effects on MNC formation in
sham-operated mice, the percent change in MNC formation
induced by the anti-IL-6 Ab was similar in ovx and sham-
operated animals, suggesting that the contribution of IL-6 to
osteoclastogenesis does not increase with estrogen withdrawal.

To rule out the possibility that the effects of IL-Ira and
TNFbp on MNC formation may result from an aspecific re-

f sponse to proteins, additional experiments were performed in
which ovx and sham-operated mice were treated with 25 mg/
KgBW per day bovine serum albumin (BSA). These experi-
ments revealed that BSA did not affect MNC formation (data
not shown).

We then investigated whether the in vitro addition of the
cytokine inhibitors to the bone marrow cultures from untreated
mice decreases MNC formation. For these experiments bone
marrow cells obtained from untreated ovx and sham-operated
mice were cultured for 7 d as described in the methods. Fig. 6
shows that IL-Ira (5-50 tg/ml) and TNFbp (0.5-5.0 ,ug/ml)
were equally potent in decreasing MNC formation in cultures
derived from both ovx and sham-operated mice. In contrast, in
vitro treatment with the anti-IL-6 Ab 20F3 (5-35 ,ug/ml) or 17p3
estradiol (10-p- 10-6 M) (not shown) had no effect.

To determine whether IL-1 and TNF are involved in the
proliferation or the differentiation of OC precursors, additional
expenments were performed in which bone marrow cultures
from intact mice were treated with IL-Ira, TNFbp, or anti-IL-
6 Ab for selected periods. The duration of the proliferative phase
was determined in preliminary experiments which showed that
MNC formation was completely blocked by treatment with 0.2-
1.0 mM hydroxyurea during the first 4 d of culture. In contrast,
addition of 1.0 mM hydroxyurea during the last 3 d of culture
decreased MNC formation by - 20% (data not shown). These
findings, which are similar to those of Tanaka et al. (53), indi-

)3) cate that proliferation of bone marrow cells takes place mainly
in the first 4 d of culture.

ne
ws)
fc-

cu-

ie
bone slice was stained with toluidine blue to show the resorption lacunae
(arrows) (XIOO). Arrowheads indicate a haversian canal.
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Figure 2. Effect of ovx (mean±SEM) on

MNC formation in vitro. Bone marrow cells
obtained from mice (n = 6 per group) killed
2 wk after ovx or sham operation were cul-
tured for 7 d with 10 nM 1,25(OH)2D3. Ovx
increased the number of bone marrow cells
and the formation of MNCs. * P < 0.01
compared with sham-operated mice. Repre-
sentative results are presented from 1 of 10
experiments. Similar results were obtained
when the data were expressed as the
mean±SEM of the percent change from con-

trols in replicate experiments.

Table III shows that treatment with either IL-Ira or TNFbp
for the first 4 d of culture decreased MNC formation in a manner

similar to treatment during the last 3 d of culture, a period
corresponding to the differentiation phase. In contrast, anti-IL-
6 Ab had no effects at any time. These data indicate that IL-I
and TNF contribute to both the proliferation and the differentia-
tion of MNCs precursors.
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Figure 3. Effects of ovx (mean+SEM) on the urinary excretion of
pyridinoline crosslinks (A) and on the formation of resorption pits (B).
2 wk after ovx or sham operation urine samples were collected from
six mice per group and used for PYD measurements. Bone marrow cells
were then harvested from all mice, seeded in triplicate on slices of
human bone and cultured for 7 d. Cells were then removed and the
bone slices stained with toluidine blue. The area of pit resorption was

measured as described in the methods. Results were expressed as the
mean (±SEM) of the area resorbed divided by the total area of the bone
slice. Representative results are presented from one of three experiments.
* P < 0.01 compared with sham-operated mice. Similar results were

obtained when the data were expressed as the mean±SEM of data from
replicate experiments.

Effect of in vivo treatment with IL-Ira, TNFbp and anti-IL-
6 Ab on in vivo and in vitro bone resorption. To investigate the
effects of IL-Ira, TNFbp and anti-IL-6 Ab on OC activity, we
investigated the effects of these inhibitors on bone resorption
in vivo by measuring the urinary excretion of PYD. 2 wk after
surgery PYD excretion was (Fig. 7) significantly higher in un-

treated ovx mice than in sham-operated mice. Treatment with
IL-Ira and TNFbp decreased pyridinoline excretion in a manner

similar to estrogen. In contrast, treatment with anti-IL-6 Ab had
no effects. Treatment with each of the three cytokine inhibitors
did not alter PYD excretion in sham-operated mice. These data
demonstrate that IL-Ira and TNFbp prevent the effects of ovx

on bone resorption in vivo.
We then assessed the impact of cytokine inhibition in vivo

on bone resorption in vitro by measuring the ability of IL-Ira,
TNFbp and anti-IL-6 Ab to decrease the excavation of resorp-

tion pits. These experiments (Fig. 8) confirmed the data shown
in Fig. 3 B as they demonstrated that during the 7-d culture
period bone marrow cells obtained from ovx mice excavated a

larger bone area than cells from sham-operated mice. IL-1ra
and TNFbp completely prevented the ovx-induced increase in
the area resorbed by the OC-like cells. The area resorbed by
cells obtained from ovx mice treated with these agents was, in
fact, similar to that excavated by cells from control sham-oper-
ated mice. Unexpectedly, simultaneous treatment with IL-1ra
and TNFbp was less effective, although not significantly, than
treatment with TNFbp only. Treatment with anti-IL-6 Ab also
decreased pit area, although cells from ovx mice treated with
the anti-IL-6 Ab formed more abundant resorption pits than
those from sham mice treated with control antibody. None of
the three cytokine inhibitors decreased the excavation of resorp-

tion pits in sham-operated mice.
Since the magnitude of the inhibitory effect on in vitro bone

resorption of each substance was similar to that on osteoclasto-
genesis, the data suggest that IL-1, IL-6, and TNF modulate
bone resorption by regulating osteoclastogenesis, rather than
the resorption activity of individual OCs.

Discussion

In this study we have investigated the effects of IL-Ira,
TNFbp, and the anti-IL-6 Ab 20F3 on osteoclastogenesis and
bone resorption. IL-Ira is a specific competitive inhibitor of IL-
1 which does not possess IL-1 agonistic effects (54). TNFbp is
a divalent inhibitor of TNF which binds specifically and with
equal affinity to both TNFa and TNF/3, and, at the dose used
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in this study, prevents endotoxin-induced lethality in mice (un-
published observations). The anti-IL-6 Ab 20F3 has been pre-
viously used with the same modalities as in this study, to neu-
tralize IL-6 in vivo for up to 4 wk (8). In agreement with these
observations we have found that the serum of mice treated with
anti-IL-6 Ab was capable of neutralizing rIL-6 in a manner
similar to fresh anti-IL-6 Ab. In this study we have also found
that the infusion of IL-Ira resulted in serum IL-lra levels 16
times higher than that required to block 45Ca release in vitro
from mouse bone stimulated with 100 pg/ml of IL-1 (28) and
that the injection of TNFbp resulted is serum type I TNF recep-
tor levels 5-10 times higher than the amount of recombinant
TNFa required to stimulate bone resorption in vitro (15).

Assays of cytokines in the culture media of bone marrow
cells revealed that ovx is associated with an increased produc-
tion of IL- 1 and TNF, a finding in keeping with previous rat

and human studies of ours and others (30,31,33,34,37,55) but
in contrast with those Hustmyer et al. (56) and Zarrabeitia et
al. (57) who failed to detect a higher production of IL-1 and
TNF in osteoporotic women. We also found that ovx was not
associated with an increased bone marrow cell production of
IL-6. This is agreement with the studies of Chaudhary et al.
(58), Rifas et al. (59) and Rickard et al. (II), but in contrast
with that of Jilka et al. (8) who documented an increased produc-
tion of IL-6 from bone marrow cells from mice killed 28 d
after ovariectomy. Differences in assay techniques (bioassays
vs ELISAs and IRMAs) and experimental design (samples ob-
tained 14 vs 28 d after ovariectomy) are likely to account for
these discrepancies. To investigate the role of IL-1, IL-6, and
TNF in the increase in bone resorption induced by ovx, we
examined the effects of the functional block of these three cyto-
kines on MNCs maturation. Our data show that in ovx mice

Table 11. Effect (mean±SEM) of In Vivo Treatment with IL-Ira, TNFbp, and Anti IL-6 Antibody on Bone Marrow Cell Number

Bone Bone Bone
marrow cells marrow cells marrow cells

Group (106) Group (106) Group (0o6)

Sham vehicle 34.0±+1.6 Sham vehicle 31.8±0.7 Sham IgG 31.8±1.5
Sham IL-Ira 32.9±1.0 Sham TNFbp 32.1± 1.3 Sham Ab 20F3 34.3+ 1.0
ovx vehicle 47.3±1.1 ovx vehicle 44.8±1.4 ovx IgG 47.1±0.9
ovx IL-lra 35.6+1.9* ovx TNFbp 36.9±1.4* ovx Ab 20F3 35.6±2.1*
ovx estrogen 23.5+2.4t ovx IL-lra + TNFbp 35.1±1.0* ovx estrogen 29.3±3.1l

ovx estrogen 24.0±2.4t

Data obtained from the representative experiment shown in Fig. 5. n = 6 mice per group. * P = <0.05 compared with ovx controls. t P
< 0.01 compared with ovx controls.
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Figure 5. Effect of in vivo treatment (mean±SEM) with IL-Ira, TNFbp
and anti-IL-6 Ab on MNC formation (n = 6 per group). Treatments
were started at the time of ovx and continued for 2 wk. Bone marrow
cells were then harvested and cultured with 10 nM 1,25(OH)2D3 for
7 d. * P < 0.05 and ** P < 0.01 compared with ovx controls.
Representative results are presented from one of seven experiments.
Similar results were obtained when the data were expressed as the
mean±SEM of the percent change from controls in replicate experi-
ments. In each experiment the number of bone marrow cells was higher
in ovx control than in sham control mice.

the proliferation and differentiation of MNCs precursors was
blocked each of the three inhibitors, thus demonstrating that
IL-1, IL-6, and TNF play a direct role in osteoclastogenesis.
Although, the potency of IL-Ira was similar to that of TNFbp,

Table III. Effect of Cytokine Inhibition on the Time Course
ofMNC Formation

Treatment duration

Treatment Days 1-7 Days 1-4 Days 5-7

None 35.4+4.2
IL-Ira (10 ig/ml) 11.3+3.5* 16.0+1.4* 15.0+1.2*
TNFbp (2 1ig/ml) 15.7±5.0* 16.0±4.8* 16.3+4.4*
Anti IL-6 ab (35 ,ug/ml) 29.3±2.3 43.5+6.1 53.5+2.9

Data are expressed as MNCs/106 cells (mean±SEM). Osteoclast forma-
tion was decreased by the addition of either iL-Ira and TNFbp during
both the proliferative phase (days 1-4) and the differentiative phase
(days 5-7) of the MNCs maturation process. * P < 0.05 compared
with controls.

and superior to that of IL-6, these data should be interpreted
with caution, due to difference in size and structure between
the anti-IL-6 antibody, IL-1ra, and TNFbp. Surprisingly, the
effects of IL- Ira and TNFbp in ovx mice were scarcely additive,
presumably because the in vivo experiments were conducted
using maximally effective doses of each inhibitor. The complex
effects of IL-1 and TNF on each other's synthesis and receptor
expression (60) could also account for this observation.

IL- Ira and TNFbp had no effects on sham-operated animals,
indicating that these agents specifically block estrogen regulated
MNC formation and activation. In contrast, treatment of with
the anti-IL-6 Ab 20F3, carried out as described by Jilka et al.
(8), decreased MNC formation in both ovx and sham-operated
mice. Several differences in methodology may account for this
discrepancy. Among them are the different strain and age of
the mice and the length of the culture period. Moreover, while
we expressed our results as MNCs/106 cells, Jilka et al. ex-
pressed theirs as MNCs/femur.

The contribution of IL-6 to increase in bone resorption in-
duced by ovariectomy has recently been further investigated by
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Figure 6. Effect of in vitro treatment (mean±SEM) with
IL-Ira, TNFbp, and anti-IL-6 Ab on MNC formation.
Bone marrow cells obtained from mice (n = 4 per
group) killed 2 wk after ovx or sham operation were
cultured for 7 d with 10 nM 1,25(OH)2D3 in presence
of either IL-Ira, the anti-mouse IL-6 Ab 20F3, or
TNFbp. Representative results are presented from one
of six experiments. * P < 0.05 compared with con-
trols. Similar results were obtained when the data were
expressed as the mean±SEM of the percent change from
controls in replicate experiments.
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Figure 7. Effect of in vivo treatment (mean±SEM) with IL-Ira, TNFbp
and anti-IL-6 Ab on the urinary excretion of pyridinoline crosslinks.
Mice were ovx or sham-operated and treated with either IL-Ira, the
anti-IL-6 Ab 20 F3, TNFbp or estrogen for 2 wk starting at the time of
surgery. Representative results are presented from one of three experi-
ments * P < 0.05 compared with ovx controls. Similar results were
obtained when the data were expressed as the mean +±SEM of data from
replicate experiments.

Poli et al. (61) in a study demonstrating that IL-6 deficient mice
fail to lose bone in response to ovariectomy. Our findings are
not directly comparable with those of Poli et al. because of the
profound differences in the two experimental models. Post-
menopausal osteoporosis results, in fact, from the impact of
estrogen deficiency on a normally developed skeleton, a condi-
tion which can be replicated in normal mice by ovariectomy.
In contrast, IL-6-deficient mice are characterized by bone mod-
eling and remodeling defects which ensue during fetal develop-
ment and lead to the formation of an altered mature skeleton.

Recently, we have reported that treatment with IL-1ra de-
creases bone loss and bone resorption in ovx rats (37), thus
demonstrating that IL-1 plays a direct, causal role in the bone
loss induced by estrogen deficiency. In this study, we have
investigated the mechanism of the effect of IL-1ra and demon-
strated that IL-lra blocks the proliferation and differentiation
ofMNCs precursors. IL- I ra also decreased the urinary excretion
of PYD and the formation of resorption pits. However, since
the inhibitory effect on pit formation was proportional to that
on MNC formation, the data indicate that the main effect of
IL- Ira is not to decrease the resorptive activity of each OC, but
rather to regulate the number of OC precursors which reach
functional maturity. Our data also show that inhibition of TNF
with TNFbp inhibits MNC formation on bone resorption in a
manner similar to IL-Ira and estrogen. These data confirm ear-
lier studies in vitro indicating a substantial functional overlap
between IL-1 and TNF (52).

Although the source and the cellular target of IL- I and TNF
have not been investigated in this study, our working hypothesis
is that estrogen deficiency increases the production of IL-1 and
TNF from cells of the monocyte/macrophage lineage. These
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Figure 8. Effect of in vivo treatment with IL- 1ra, TNFbp, and anti-IL-
6 Ab on resorption pits formation. Mice were ovx or sham-operated
and treated with either IL- Ira, the anti-IL-6 Ab 20F3, TNFbp, or estro-
gen for 2 wk starting at the time of surgery. Bone marrow cells were
then seeded in triplicate on human bone slices and cultured for 7 d.
Cells were then removed and the bone slices stained with toluidine blue
as described in Methods. The area of pit resorption was measured as
described in Methods. Results were expressed as the mean (±SEM) of
the area resorbed in each one of the triplicate cultures. Representative
results are presented from one of three experiments * P < 0.05 and
** P < 0.01 compared with ovx controls. Similar results were obtained
when the data were expressed as the mean±SEM of the percent change
from controls in replicate experiments.

cytokines could, in tum, stimulate stromal cells to produce
membrane-bound and soluble factors such as M-CSF and IL-
11 which regulate the proliferation and differentiation of the
hemopoietic MNC precursors (62). This hypothesis is supported
by studies which demonstrate the capacity of IL- 1 and TNF to
stimulate the stromal cell production of M-CSF and IL-i 1 (63-
66) and the essential role of the latter two factors in regulating
the proliferation and differentiation of MNC progenitors (53,66-
69). Moreover, the recent study of Glowacki et al. (66) demon-
strating that MNC precursors are the target of IL-6 suggests
that IL-6 may also be one of the cytokines produced by stromal
cells in response to IL-1 and TNFa, which regulates the early
differentiation steps of the hemopoietic MNC precursors. Ac-
cording to this hypothesis, the effects of IL-6 would resemble
those of IL-I1, which, interestingly, is also not regulated by
estrogen (69) and uses gpl30 as a signal transducer (70).

Our data also demonstrate that IL-6 plays a role different
from that of IL-1 and TNF in bone resorption. In particular,
while in vivo inhibition of IL-1 and TNF blocked bone resorp-
tion in vitro and in vivo, treatment with the anti-IL-6 Ab de-
creased pit formation, but not PYD excretion. Since the regula-
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Figure 9. Hypothetical view
of the effects of IL-1, TNF,
and IL-6 on OC differentia-
tion and activation. The up-
per part of the diagram rep-
resents the proliferation of
hemopoietic OC precursors
originating from cells of the
CFU-GM or CFU-M lin-
eage. This step is induced by
several cytokines including
IL-1, IL-6, and TNF. The
differentiation of these cells
into inactive, but more ma-
ture OCs is stimulated by IL-
1 and TNF, but not IL-6. OC
activation, a process which
may coincide with the final
maturation process, is rap-
idly induced by IL-I and
TNF via osteoblastic cells. In
vivo treatment with anti-IL-
6 Ab results in the selective
depletion of early OC pre-

cursors and in a decreased ability of bone marrow cells to generate bone
resorbing OCs. The maturation of cells "downstream" to the IL-6
dependent steps account for the persistence of an unabated bone resorp-
tion in vivo. In vivo treatment with IL-Ira or TNFbp results in the
depletion of early and late OC precursors and in the block of both in
vitro and in vivo bone resorption.

tory role of IL-6 is limited to the initial steps of the MNCs
differentiation process (21), it could be that the block of IL-6
in vivo is insufficient for preventing the complete maturation
and activation of those cells which are "downstream" with
respect to the IL-6-dependent steps (Fig. 9). According to this
hypothesis, the lack of change in PYD excretion during the 2-
wk-long treatment with anti-IL-6 Ab would reflect the mainte-
nance of an unaltered pool of active, mature OCs. Conversely,
the decreased pit formation observed with the IL-6 block is
likely to reflect the decreased bone marrow content of OC pre-
cursors and the resulting decrease in the number of cells which
reach functional maturity in vitro (62). From this hypothesis
one would predict that inhibition of IL- I and TNF blocked bone
resorption in vivo and in vitro because these cytokines regulate
early and late steps of the OC maturation process. Long term
studies will be necessary to fully determine the role of IL-6 in
bone resorption and to ascertain whether OC maturation and
activation is maintained unaltered in conditions in which IL-6
is chronically blocked.

In conclusion, these data indicate that IL-1 and TNF play a
direct role in mediating the effects of ovx on OC formation and
bone resorption. The data also suggest that IL-6 is not essential
for increasing bone resorption in the early post-ovx period.
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