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Abstract

Interleukin-6 (IL-6) is a multifunctional cytokine which is
made by osteoblasts and has diverse effects on bone metabo-
lism. We studied the interaction of IL-6 with the Ca2" and
cAMPsignaling systems in the osteoblastic cell line UMR-106
and in primary osteoblastic cultures derived from neonatal rat
calvariae. IL-6 did not alter basal intracellular calcium concen-
tration (ICa2+J1) but inhibited Ca2+ transients induced by para-
thyroid hormone (PTH), prostaglandin E2 (PGE2), and en-
dothelin-1 in both dose- (100-400 U/ml) and time- (4-48 h)
dependent manners. The effect of the cytokine was abolished
by the tyrosine kinase inhibitor, herbimycin A (50 ng/ml). The
IL-6 effect on the Ca2+ message system was related to sup-
pressed production of hormonally induced inositol 1,4,5-tri-
phosphate and inhibition of Ca2+ release from intracellular
stores. Hormonally induced calcium entry pathways (estimated
by using Mn2+ as a surrogate for Ca2+) were not, however,
altered by the cytokine. IL-6 did not modulate cAMPgenera-
tion in osteoblasts. With respect to osteoblast function, IL-6,
although having no effect on cell proliferation by itself, greatly
enhanced the antiproliferative effect of PGE2 and PTH. Be-
cause the production of IL-6 in osteoblasts is stimulated by
calciotropic hormones (e.g., PIH and PGE2), the suppressive
effect of the cytokine on hormonally induced Ca2+ transients
may serve as an autocrine/paracrine mechanism for modulat-
ing the effect of hormones on bone metabolism. (J. Clin. Invest.
1994. 93:2340-2350.) Key words: interleukin 6 * intracellular
calcium stores * signal transduction * osteoblasts * inositol tri-
phosphate

Introduction

IL-6 is a recently described multifunctional cytokine which
mediates pleiotropic functions in various types of cells (1- 15).
The biological functions of IL-6 are mediated through a spe-
cific receptor (IL-6R)' the cDNA of which has already been
cloned (16-20). The IL-6R system consists of a 80-kD ligand-
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binding domain and a 130-kD signal-transducing component
(gp 130). Binding of IL-6 to its receptor triggers dimerization
of gp 130 which, in turn, activates intracellular tyrosine kinases
(TKs) (20-22).

This article focuses on the role that IL-6 plays in bone me-
tabolism. The cytokine is produced in osteoblasts (23) and its
production is regulated by a host of factors including PTH(24,
25), IL- 1, TNF, and 1,25 (OH )2D3 (26-28). Although the role
of IL-6 in the bone microenvironment is not fully elucidated,
the majority of evidence suggests that IL-6 possesses a bone-re-
sorbing activity either by itself or in concert with other osteo-
tropic agents (23). This effect of the cytokine is ascribed pri-
marily to increased formation of osteoclasts from hematopoi-
etic progenitors (23, 25, 29). Thus, organ cultures containing
predominantly mature osteoclasts, do not manifest bone re-
sorption in response to IL-6 (30, 31). The role of IL-6 as an
osteotropic agent in a clinical setting has been demonstrated in
rheumatoid arthritis, where the cytokine mediates juxtaarticu-
lar bone resorption (32), in the bone resorption associated with
multiple myeloma (5), in osteoporosis associated with estro-
gen deficiency (33, 34), and in the high turnover state of the
skeleton in patients with Paget's disease (35). As opposed to
the effect of IL-6 on osteoclasts, the effect of the cytokine on the
function of the osteoblast is much less certain. Although pro-
duced by both rodent (23) and human osteoblastic cell systems
(36), IL-6 has been shown to affect growth and differentiation
in rodent osteoblasts (23, 37, 38) without having any effect on
human osteoblasts (36).

In order to shed more light on the role of IL-6 in the metabo-
lism of the osteoblast, we decided to study the interaction of
IL-6 with the major signaling pathways activated by calciotro-
pic hormones in osteoblasts, namely, intracellular Ca2+
([Ca21 ]i) and cAMP. It is now well established that the osteo-
blast plays a key role in both bone formation and bone resorp-
tion processes stimulated by osteotropic agents (39,40). More-
over, the Ca2' and cAMPmessenger systems generated inside
the osteoblastic cytosol mediate many of the effects of calcio-
tropic hormones (41-44). Given the in vivo observation of
cooperativity between IL-6 and calciotropic hormones on bone
remodeling, it is conceivable that the cytokine impinges on
transduction pathways generated by hormones.

For these studies, we used the clonal cell line UMR-106.
These cells share many phenotypic features with normal osteo-
blasts (45). In addition, UMR-106 cells produce IL-6 (25) and
also exhibit biological effects in response to the cytokine (37).
Because these are transformed osteoblastic cells, we verified the
reproducibility of our results by repeating several key experi-
ments in primary cultures from neonatal rat calvariae.

Methods

Cell culture conditions. The UMR-106 cell line was a generous gift of
Dr. T. J. Martin (University of Melbourne, Melbourne, Australia) to
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Dr. T. J. Hahn (Veterans Affairs Medical Center, West Los Angeles,
CA), who in turn generously supplied us with these cells. Cells were
used between passages 10 and 12 and subpassages 3 and 14. Cells were
seeded at a density of 2.5 X 10' cells/cm2 in tissue culture flasks or
multiwell plates and grown at 370C in a humidified 95% air-5% CO2
atmosphere in Ham's F12-Dulbecco's modified Eagle's media (1:1)
supplemented with 14.3 mMNaHCO3, 1.2 mML-glutamine, 7%fetal
bovine serum, 0.1 mg/ml streptomycin, and 100 U/ml penicillin. The
cells reached confluence within 6-7 d in culture and were used on days
6-8 of growth.

Primary osteoblast culture was prepared from calvariae of 1-2 day-
old Sprague-Dawley rats by using a successive enzymatic digestion
method (46). Briefly, calvariae were removed and cleaned from the
adherent tissue under a dissecting microscope. The bone tissue was cut
into small pieces and digested with a mixture of trypsin/collagenase
and bacterial collagenase (2.0 mg/ml) for 20 min at 370C. The bone
pieces were minced with divalent ion-free PBS then resuspended in
trypsin/collagenase solution for 40 min and washed with PBS. After a
second 40-min digestion, the pieces were vortexed and filtered through
a metal mesh (Millipore Corp., Bedford, MA) and then through IO-Mm
nylon membrane. The filtered solution was mixed with equal volume
of PBSand diluted to 30 ml with aMEM.Cells were pelleted by centrif-
ugation at 800 g for 5 min. The yielded cells were plated in aMEM,
supplemented with 10% FBS, and grown to confluence. Experiments
were performed in cells from subpassages 2-5.

Determination of[Ca2 ]i. Changes in cytosolic-free Ca2" concen-
tration ( [Ca2" Ji) were monitored fluorometrically by use of the acetox-
ymethyl ester (AM) of the Ca2"-sensitive probe fura-2. Cells grown to
confluence on 25-mm diam glass coverslips were washed and sus-
pended in a balanced salt solution (BSS) containing (in mM) 140
NaCl, 1 MgCl2, 4 KC1, 10 Hepes-Tris, 1.5 CaCI2, 5 glucose, and 5
sodium pyruvate, pH 7.4 (adjusted with 1 MNaOH). The cells were
then loaded with 5 ,uM fura-2 (in dimethyl sulfoxide) for 15-20 min at
37°C. Extracellular dye was removed by three washes with BSS. The
coverslip with attached cells was then mounted in a perfusion chamber
and continuously perfused at a rate of 10-12 ml/min. The perfusate
was delivered through an eight way valve to a heat exchanger and then
to the chamber and maintained at 37°C. The recording system in-
cluded a Diaphot inverted microscope (Nikon Inc., Melville, NJ)
equipped with a high numerical aperture Neofluor x 100/ 1.3 numeri-
cal aperture (Carl Zeiss, Inc., Thornwood, NY) oil immersion objec-
tive. The microscope was attached to a Photon Technology Interna-
tional Deltascan spectrofluorometer (PTI, S. Brunswick, NJ), which
provided a dual-wavelength excitation light. To initiate an experiment,
cells were bathed in the Ca2 -replete assay buffer, or (where required)
in a Ca2+-free buffer that was devoid of Ca2' and contained 0.1 mM
EGTA. The final osmolarity of all solutions was 300 mosmol/kg H20.
To evoke a change in [Ca2+]i, test compounds were added to the assay
buffer (where indicated) in a 1:1,000 dilution from a stock solution.
Photon emission was monitored at 510 nmwith excitation wavelength
alternating between 340 (F340) and 380 nm (F380). At the end of
each experiment, the minimum (Rmin) and maximum (Rmax) ratio of
F340 and F380 (R340/380) was determined in BSS containing no
added Ca2+,4 mMEGTAand 1 MMionomycin and in BSScontaining
10 mMCaCl2 and 1 uM ionomycin, respectively. Each coverslip was
individually corrected for autofluorescence by Mn2' quenching and
[Ca2+ ]i was calculated according to the formula (47):

2_i_____- mi) XSf2
[Ca]j dx [ (R.,m ;- R) Sb2

where Kd represents the dissociation constant of fura-2 for calcium
(224 nM), R represents the ratio of F340/F380, Sf2 is the F380 inten-
sity obtained from R1.,, (free fura-2), and Sb2 is the F380 when the dye
is fully saturated with calcium collected during the Rr,, determination.

Determination ofwater-soluble inositolphosphates. UMR-106 cells
in 12-well plates were labeled with 3 iCi/ml myo-[3H]inositol (Amer-
sham Corp., Arlington Hts, IL) in Trowell's T8 (inositol free) medium
supplemented with 15 mMHepes, 1.2 mML-glutamine, 2% fetal calf

serum, 100 U/ml penicillin, and 0.1 mg/ml streptomycin for 24 h. On
the day of the experiment, the unincorporated myo[3H]inositol was
washed away with serum-free Trowell's T8 medium with the above
additives and kept in that same medium for 1 h in the presence of 10
mMLiCl. Cells were stimulated with various agonists for the desig-
nated times. The reaction was terminated by the aspiration of the me-
dium, followed by two 10% trichloroacetic acid washes. The washes
were pooled, and trichloroacetic acid was extracted with water-satu-
rated diethyl ether. The ether extracts were loaded onto glass wool-
plugged Pasteur pipette columns containing - 2 g of anion exchange
resin (AG 1-X8 formate, Bio-Rad Laboratories, Richmond, CA). Ino-
sitol 4-monophosphate (IP,), inositol 1,4-bisphosphate (IP2), and ino-
sitol 1,4,5-triphosphate (1P3) were sequentially eluted from the col-
umns by increasing concentrations of ammonium formate, according
to the method of Berridge et al. (48). Elution fractions of 2 ml each
were diluted into liquid scintillation fluid and counted in a # counter.
Data are expressed as total counts per minute of 6-ml eluates for each
inositol phosphate metabolite per 106 cells.

Determination of cellular cAMPlevels. Determination of cellular
cAMPlevels was done in culture plates containing 24 multiwells per
plate. Cells preincubated with IL-6 or vehicle (PBS + 0.1% albumin)
were acutely (from 5 min to 2 h) stimulated with agonists dissolved
in 1 ml of BSS solution at 370C in the presence of 0.2 mM
3-isobutyl- l-methylxanthine. The reaction was terminated by aspirat-
ing the medium containing the stimulant and then adding 0.5 ml L-
propanol to extract the cAMPfrom the cell layer. The cell layers were
then kept at 4°C for 1 h. The propanol extract was removed to glass
tubes, the propanol was evaporated under a stream of nitrogen gas, and
the dried extract was kept at -70°C until assay. Before assay, the ex-
tract was reconstituted with sodium acetate buffer, pH 6.2. Assay of
cAMP was carried out by RIA with minor modification. [1251]_
Succinyltyrosine ester of cAMP(ICN, Irvine, CA) (10,000 cpm/ 100
ul) was utilized. Antigen-antibody precipitation was done by 100%
ethanol. Results are expressed as picomoles of cAMPper 106 cells.

Determination of cell proliferation. Cell proliferation was assessed
by the incorporation of [3H]thymidine. Briefly, cells were grown in
24-well plates. 22 h before experimentation, the medium was changed
to serum-free Ham's F- 12-DME. 3 h before the harvest, cells were
pulsed with 0.22Ci/ml [3H]thymidine (6.7 Ci/mmol). Cells were har-
vested by three PBS washes to remove unincorporated label followed
by two washes with 10% trichloroacetic acid. The cell layerswere solubi-
lized in 1 N NaOH, and aliquots of the solubilized cells were diluted
into liquid scintillation fluid after neutralization with HC1and counted
in a f3-counter. Data are expressed as counts per minute per well. Cell
counts were performed by releasing cells with trypsin-EDTA and
counting with a hemacytometer.

Statistics. Results are expressed as means±SE. Nonlinear square
curve fitting was used to assess dose-response curves to estimate mean
half-maximally effective (ED5o) and maximally effective concentra-
tions of agonist with 67%confidence limits, assuming highly correlated
asymmetric variance spaces. One- and two-way analyses of variance to
test for differences among treatment means were performed as indi-
cated where appropriate. Each experiment was performed at least four
times with separate batches of cells to confirm reproducibility of the
results.

Reagents and hormones. Recombinant murine IL-6 was obtained
from R & D Systems (Minneapolis, MN). This preparation had a
specific activity of 1 X 107 U/mg, was > 97%pure and had < 0.1 ng of
endotoxin per microgram of cytokine. Lyophilized IL-6 was reconsti-
tuted in PBScontaining 0.1% BSAto yield a working stock solution of
1 ug/ml. PGE2 was purchased from The Upjohn Co. (Kalamazoo,
MI). Endothelin-l (ET-l ) was obtained from Peptide Institute (Osaka,
Japan) and bovine PTH(1-34) was from Peninsula Laboratories (San
Carlos, CA). Fura-2/AM was obtained from Molecular Probes Inc.
(Eugene, OR) and PMAwas purchased from Calbiochem Corp. (San
Diego, CA). Herbimycin A was from GIBCO (Grand Island, NY).
Stock solution of the drug was made in 100% DMSOand diluted with
the culture medium before addition to cells. The culture medium con-
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taining the equivalent concentrations of DMSOserved as vehicle con-
trols.

Results

IL-6 effect on agonist-induced Ca2+ transients. [Ca2+ ]i in osteo-
blasts can be elevated either by opening of a plasma membrane
Ca2+ channel (49, 50) or through release of Ca2+ from intracel-
lular stores following hormonal activation of phospholipase C
and phosphatidylinositol breakdown (44, 51, 52) Figs. 1, 2,
and 3 describe the effect of IL-6 on Ca2" transients induced by
acute stimulation with three calciotropic hormones known to
elevate [Ca2+]i by both mechanisms.

Under control conditions (vehicle-treated cells, Fig. 1 A)
acute stimulation of UMR-106 cells with 10-8 bPTH ( 1-34) in
the presence of 1.5 mMCa2+ in the extracellular buffer elicited
an instantaneous rise in [Ca2+]i from a basal value of 114±8
nM to a peak value of 185±9 nM. When cells were preincu-
bated for 24 h with 200 U/ml IL-6 (Fig. 1 B), resting [Ca2+]i
was not altered ([Ca2+i - 1 16±12 AtM; P > 0.05 vs. control).
However, PTH-induced Ca2" transient was significantly atten-
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Figure 1. IL-6 effect on PTH-induced Ca2+ transients. UMR-106 cells
were preincubated for 24 h in serum-free DMEcontaining either ve-
hicle alone (A and C) or 200 U/ml IL-6 (B and D). On the day of
the experiment, cells were loaded with the Ca2" indicator fura-2 and
mounted onto stage of a Nikon Diaphot microscope attached to a
Deltascan spectrofluorometer as described in Methods. Cells were
perfused with BSS pH 7.4 at 370C. PTH (1-34) was then added
acutely to the cells at a dose of 10-8 M(arrows) and fluorescence was
recorded. Cytosolic Ca2+ concentration ([Ca2 ]j) was calculated after
calibration of the signal. Experiment was carried out both in the
presence of 1.5 mMCaCl2 in the bathing solution (A and B) and in
Ca2+-free solution containing 0.1 mMEGTA(C and D). This ex-
periment represents 1 of 12 experiments with similar results.

uated in IL-6-treated cells (peak [Ca2+]i = 132±6 nM; P
< 0.01 vs. control).

To evaluate the contribution of extracellular calcium to the
effect of IL-6 on PTH-induced Ca2+ transients, we repeated the
experiment while bathing the cells in Ca2+-free medium. Any
residual Ca2+ in the buffer was removed by the addition of
EGTA. Under these conditions, resting [Ca2+]i falls signifi-
cantly because, in the absence of extracellular Ca2+, [Ca2+ ]i is
pumped out from the cytosol by the plasma membrane Ca2+
adenosine triphosphatase at a faster rate as compared with
when there is Ca2+ in the media. Thus, after 4-5 min of incuba-
tion in Ca2+-free media and in the presence of EGTA, [Ca2+ ]
stabilized at a value of 58±6 nM (Fig. 1 Cand D). This value
was not altered by preincubation of the cells with 200 U/ml of
IL-6 for 24 h. Acute exposure of the cells to 10-8 MPTH,
elicited an immediate [Ca2"]i rise to a value of 94±4 nM(Fig.
1 C). In the absence of Ca2+ in the extracellular medium, this
Ca2` transient reflects Ca2" release from intracellular stores.
This component of [Ca2+]i rise was significantly blunted by
preincubation for 24 h with 200 U/ml IL-6 (QCa2`]j = 68+3
nM; P < 0.01 vs. control) (Fig. 1 D).

Fig. 2 describes the effects of IL-6 on PGE2-induced [Ca2" ]
response in UMR-106 cells. While not altering basal [Ca2+]i,
24 h of preincubation with 200 U/ml IL-6 (Fig. 2, B and D)
significantly attenuated PGE2 (1 tM)-induced [Ca2+]i rise
both in the presence and absence of extracellular Ca2 . In the
presence of 1.5 mMCa2+ in the extracellular buffer (Fig. 2, A
and B), peak [Ca2+]i was 283±17 and 165±11 nM in control
and IL-6-treated cells, respectively (P < 0.01). In Ca2"-free
conditions, (Fig. 2, C and D) peak [Ca2+ ] was 156±5 and
94±2 nM in control and IL-6-treated cells respectively (P
< 0.005).

Endothelin, the most potent vasoconstrictor agent, has also
been shown to activate plasma membrane receptors in osteo-
blastic cells and to induce [Ca2+ ]i responses in these cells (52).
The effect of IL-6 on Ca2+ transients induced by I0-' MET- I
in UMR-106 cells is described in Fig. 3. Once again, the cyto-
kine significantly blunts [Ca2+]i increments induced by ET-l
either in the presence of(Fig. 3, A and B) or absence (Fig. 3, C
and D) of Ca2+ in the extracellular medium. Thus, 24-h incu-
bation with 200 U/ml IL-6 brings about 50-60% suppression
of Ca2+ transients.

IL-6 effect in cells treated with indomethacin. In view of the
fact that in cultured osteoblastic cells, IL-6 can stimulate the
production of PGE2(37), we studied the effect of IL-6 on ago-
nist-stimulated [Ca2+]i rise in UMR-106 cells preincubated for
24 h with 1 ,uM indomethacin. The suppressive effect of 24 h of
pretreatment with IL-6 on the [Ca2+]i signal in response to
PTH, PGE2, and ET-l was not altered by indomethacin (data
not shown), thus indicating that the effect of the cytokine was
independent of PGE2production.

IL-6 effect in the presence of TK inhibitors. IL-6 has been
shown to activate intracellular TKs as its main signal transduc-
tion (21, 22). We, therefore, tested the possibility that the sup-
pressive effect of IL-6 on hormonal mediated Ca2+ signals is
mediated through the activation of intracellular TK. Toward
that end, we studied the effect of IL-6 on Ca2+ transients in
vehicle (DMSO)-treated cells as compared to cells pretreated
for 24 h with 50 ng/ml herbimycin A. This antibiotic drug has
been shown to inhibit a number of intracellular TKs including
the src TK, while having no effect on serine/threonine kinase,
protein kinase A, and protein kinase C (53). Fig. 4 shows that
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Figure 2. IL-6 effect on PGE2-induced Ca24 transients. UMR-106
cells were preincubated for 24 hr in serum-free DMEcontaining ei-
ther vehicle alone (A and C) or 200 U/ml IL-6 (B and D). On the
day of the experiment, cells were loaded with the Ca24 indicator
fura-2 and perfused with BSS as described in Methods. PGE2(1 AM)
was added acutely to the cells (arrows) and fluorescence was re-

corded. Cytosolic Ca24 concentration ([Ca24 ]i) was calculated after
calibration of the signal. This experiment was carried out both in the
presence of 1.5 mMCaCI2 in the bathing solution (A and B) and in
Ca24 -free solution containing 0.1 mMEGTA(C and D). This ex-

periment represents one of nine experiments with similar results.

in vehicle-treated cells IL-6 causes inhibition of Ca2" transients
induced by either ET- 1 or POE2as seen before. However, in
cells pretreated with herbimycin A, while the drug itself did not
have an effect on hormonally induced Ca2 rise, it completely
abrogated the inhibitory effect of IL-6 on Ca2+ signals gener-

ated by ET- I and PGE2. Wealso used as a control the drug
tyrphostin (RG50863) which is another TK inhibitor but with
higher specificity for receptor TKs (e.g., EGFreceptor) as op-

posed to intracellular TKs (54). Pretreatment of the cells for 24

h with 50 Mg/ml tyrphostin did not have any influence on IL-6-
induced suppression of [Ca2+ ]i rise (not shown). Neither of the
TK inhibitors induced cell toxicity, as judged by Trypan blue
exclusion assay, by lack of an effect on cell number and lack of
detachment of the cells from the plastic culture dishes.

IL-6 effect on Ca2" transients in calvarial osteoblasts. Fig. 5
describes the effect of IL-6 on hormonally induced Ca2' rise in
primary osteoblastic cultures derived from neonatal rat calvar-
iae. The cytokine effect in this cell preparation follows the same

pattern as described for UMR-106 cells. Thus, under control
conditions, acute stimulation of the cells with ET-l ( o0-8 M)
and PGE2 ( 1 uM) elicited [Ca2J]i rise to the level of 675±11
and 364+8 nM, respectively. Preincubation of the cells for 24 h

with 200 U/ml IL-6 significantly attenuated the [Ca24]1 peak

Figure 3. IL-6 effect on endothelin-induced Ca2" transients. UMR-
106 cells were preincubated for 24 h in serum-free DMEcontaining
either vehicle alone (A and C) or 200 U/ml IL-6 (B and D). On the
day of the experiment, cells were loaded with the Ca24 indicator
fura-2 and perfused with BSS as described in Methods. ET-l ( 10-8
M) was added acutely to the cells (arrows) and fluorescence was re-

corded. Cytosolic Ca24 concentration ([Ca2`]j) was calculated after
calibration of the signal. This experiment was carried out both in the

presence of 1.5 mMCaCl2 in the perfusing solution (A and B) and in
Ca2 -free solution containing 0.1 mMEGTA(C and D). This ex-

periment represents 1 of 10 experiments with similar results.

after hormonal stimulation (321±5 and 224±12 nM, for ET- 1

and PGE2, respectively; P < 0.01 IL-6 vs. control for each
hormone). Also shown in the figure is the effect of the TK
inhibitor, herbimycin A. Similar to UMR-106 cells, in calvarial
osteoblasts as well, herbimycin A did not have an effect of its
own on hormonally induced Ca24 transients, but it totally
abrogated the inhibitory effect of IL-6 on ET- 1- and PGE2-in-
duced Ca24 rise.

IL-6 effect on Ca2" influx vs. Ca2" release. Thus far, we

have demonstrated that IL-6 attenuates [Ca24]i signals after
stimulation with PTH, PGE2, and ET-1. To distinguish be-
tween an effect of IL-6 on Ca24 entry across the plasma mem-

brane vs. an effect on Ca24 release from internal organelles we
used manganese (Mn2 ) as a surrogate for Ca2 . Mn24 uses the
same influx channels as Ca2+ and has a very high affinity for
fura-2 and binding of Mn24 to the fura-2 molecule quenches its
fluorescence (55). Thus, changes in fura-2 fluorescence in-
duced by Mn2+ can be used to estimate Ca2+ entry across the
plasma membrane. In the experiment described in Fig. 6,
UMR-106 cells were exposed to Ca24 -free media (containing
EGTA) with (Fig. 6, Cand D) or without (Fig. 6, A and B) 10

,MM MnC12. Acute stimulation of the cells with PGE2evoked a
Ca24 transient which under the Ca24 -free conditions is due to
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Figure 4. Herbimycin A abrogates the inhibitory effect of IL-6 on hormonally induced Ca2+ transients. UMR-106 cells were preincubated for 24
h in serum-free DMEcontaining the following additives: (a) DMSO( 1:1,000 dilution)-control. (b) DMSO+ 200 U/ml IL-6. (c) Herbimycin
A (50 ng/ml). (d) Herbimycin A (50 ng/ml) + 200 U/ml IL-6. On the day of the experiment, cells were loaded with fura-2 and perfused with
BSScontaining 1.5 mMCaCl2. ET-l ( 10-8 M) or PGE2(1 uM) were added acutely as indicated by the arrows and fluorescence was recorded.
This experiment represents one of five experiments with similar results. Similar results were also obtained when the response to ( 1-34) PTH( 10-8

M) was tested.

Ca2" mobilization from intracellular stores. The [Ca2+]i rise
was significantly attenuated by 24-h incubation with 200 U/ml
IL-6 (Fig. 6, B and D). The IL-6 effect on [Ca2+]i increments
was the same regardless of the absence (Fig. 6, A and B) or

presence (Fig. 6, C and D) of MnCl2. The initial fast rise in
fura-2 fluorescence was followed by fluorescence quenching
signifying Mn2" influx (Fig. 6, C and D). Pretreatment with
IL-6 did not have any effect on the Mn2+ induced quenching of
the fura-2 fluorescence. It appears, therefore, that the cytokine
affects only Ca2" release from intracellular stores without alter-
ing Ca2" influx. The Mn2" induced fluorescence quenching
(Fig. 6, Cand D) could be blocked by 10 MMLa" (data not
shown). The Mn2+ experiments as performed with PGE2were

also carried out with ET- 1. Similar qualitative results were ob-

tained.
Effect of IL-6 on protein kinase C (PKC)- and depolariza-

tion-activated Ca2" channels. The effect of IL-6 on nonhor-
monal Ca2' entry mechanisms (i.e., plasma membrane Ca2+
channels) is demonstrated in Fig. 7. Wehave recently shown
that in addition to hormonally mediated Ca2+ channel, UMR-
106 cells also possess PKCactivated and depolarization ( = volt-
age)-activated Ca2+ channels (49, 50). When cells were

acutely stimulated with 1 MMof the phorbol ester PMA, an

activator of PKC, [Ca2+]i rose from a resting value of 134±6
nM to a peak value of 386±12 nM (Fig. 7 A). In cells treated

for 24 h with 200 U/ml IL-6 (Fig. 7 a), the acute [Ca2+]J
response to the stimulation of PKC was not altered (peak
[Ca2+]i = 392±9 nM; P = NS vs. control).

To study the effect of IL-6 on the properties of the depolar-
ization-activated Ca2+ channel, we acutely exposed the cells to
BaCl2 in Ca2+-free media (Fig. 7, B and b). Barium blocks the
exit of potassium from the cells, thereby causing membrane
depolarization. Cell depolarization activates a voltage-gated
channel through which barium (in this case, replacing Ca2+)
can enter the cell. The entry of barium is detected by its binding
to fura-2, which elicits a fluorescent signal. Because accurate
calculation of the Kd of fura-2 to barium is fraught with great
difficulty, it was impossible to calibrate the barium signal. It is,
however, clear that, on a qualitative basis, barium entered the
cells at a rate and extent that were similar in both control (Fig.
7 B) and IL-6-treated cells (Fig. 7 b).

The data presented in Figs. 6 and 7, when taken together,
indicate that IL-6 modulates [Ca21]i transients that are stimu-
lated by hormones. The cytokine does not affect plasma mem-

brane Ca channels (i.e., hormonal, PKCactivated, or voltage
activated).

Dose dependency of IL-6 effect on [Ca2+]i signals. Fig. 8
shows that the suppressive effect of IL-6 on hormonally in-
duced Ca2+ transients was dose dependent. The effect of the
cytokine on PGE2(1 AM) induced [Ca2+]J rise was maximal at
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Figure 5. IL-6 effect on hormonally induced [Ca2" ]i rise in primary osteoblastic cultures: effect of herbimycin A. Primary osteoblast cultures were
prepared from neonatal rat calvariae as described in Methods. Cells in subpassages 2-5 were cultured in aMEMand 24 h before the experiment,
cells were preincubated with the following additives: (a) DMSO( 1:1,000 dilution)-control. (b) DMSO+ 200 U/ml IL-6. (c) Herbimycin A
(50 ng/ml). (d) Herbimycin A (50 ng/ml) + 200 U/ml IL-6. On the day of the experiment, cells were loaded with fura-2 and acutely stimulated
with ET-l ( 10-8 M) or PGE2( 1 MM)as indicated by arrows. Fluorescence was recorded and [Ca2+]j calculated as described above. This experi-
ment is one of three similar experiments.

400 U/ml (- 90% suppression after 24 h of preincubation).
200 U/ml IL-6, which is the dose most commonly used in our

studies, produced 60-70% attenuation of the Ca2+ transient
induced by PGE2. A qualitatively similar dose response was

obtained when IL-6 effect on PTH-evoked [Ca2+]i signals was

studied (data not shown). The IL-6 doses needed to have an

effect on [Ca2+]i responses fall in the value range for IL-6 pro-
duced endogenously by osteoblasts in response to other cyto-
kines and to PTH(23, 25). It is, therefore, conceivable that the
IL-6 effect described here bears a physiological significance.

Time course for IL-6 effect. As shown in Fig. 9, the first
significant inhibition of PGE2 induced Ca2+ transient was ob-
served after 8 h of preincubation with 200 U/ml IL-6 (19±2%
inhibition; P < 0.05 vs. control). The maximum inhibitory
effect of IL-6 was observed after 48 h of preincubation (65±4%
inhibition; P < 0.01 vs. control).

Effect ofIL-6 on PTHdose responsefor [ Ca2 ]i rise. Fig. 10
describes the effect of preincubation with 200 U/ml IL-6 for 24
h on the dose-response relationship for PTH-mediated [Ca2+ ]i
rise. ED50 for PTH effect was not affected by IL-6 treatment
(ED50 4 X 10-9 M). In contrast, the maximal [Ca2+]i re-

sponse to PTH was significantly affected by IL-6 (- 63% re-

duction). Similar qualitative results were obtained when a

dose-response relationship for PGE2was studied. At a maxi-
mal dose of 50 ,M PGE2, the initial rise in [Ca2+], was - 60%

less in IL-6-treated cells (200 U/ml for 24 h) compared with
control. ED50 for the PGE2-stimulated [Ca2+]i response was
not altered by IL-6.

Effect of IL-6 on PGE2-stimulated 1.4.5-IP3 production.
Since the release of Ca2+ from intracellular stores is closely
linked to the inositol phosphate turnover, we next measured
the effect of IL-6 on phosphatidylinositol metabolism. Fig. 11

describes the effect of IL-6 on the production of IP,, IP2, and
IP3 mediated by PGE2in UMR-106 cells. Weused PGE2as an

agonist in this study since we have shown that in UMR-106
cells, PGE2 is a potent stimulator of IP3 generation (44). In
preliminary experiments, we found a significant increase in IP3
after 10 s of stimulation with PGE2. After 30 s of stimulation,
IPI was elevated whereas IP3 was undetectable. This finding is
probably related to the fact that 30 s is a long enough time
during which 1P3 is already degraded to IP2 and IP1. Based on
these findings, we measured phosphoinositol production after
10-s stimulation with PGE2. As shown in Fig. 11, pretreatment
of the cells with 200 U/ml IL-6 for 24 h significantly inhibited
the generation of inositol phosphates by PGE2. IP3 was

3,228±33 and 1,830±46 cpm/ 106 cells in control (vehicle-
treated cells) and IL-6-treated cells, respectively (P < 0.01).
IPI was 5,950±64 and 3,740±75 cpm/ 106 cells in vehicle- and
IL-6-treated cells, respectively (P < 0.01). The initial inhibi-
tory effect of IL-6 was observed after 8 h of preincubation and
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Figure 6. IL-6 effect on Ca2" influx vs. Ca2' release. UMR-106 cells
were preincubated for 24 h in serum-free DMEcontaining either ve-

hicle alone (A and C) or 200 U/ml IL-6 (B and D). On the day of
the experiment, cells were loaded with fura-2 as described in Methods
and then perfused with Ca2+-free BSS in the absence (A and B) or

presence (C and D) of 10 MMMnCI2. PGE2 (1 MM) was added
acutely to the cells (arrow) and fluorescence was recorded. [Ca2+]1
was calculated after calibration of the signal. This experiment repre-

sents one of six similar experiments.

the overall time course corresponded to the time course of the
cytokine effect on hormonally induced [Ca2+]i rise. Although
our experiment did not separate the different IP3 isomers, these
results clearly demonstrate that IL-6 blunts the hydrolysis of
phosphatidylinositols triggered by PGE2. IL-6, when used
alone, did not alter the basal levels of IP1 and IP3 neither after
24 h of preincubation nor after an acute addition to the cells.

IL-6 effect on agonist-induced cAMP production. Since
cAMPserves as another second messenger, alongside [Ca2+]i,
mediating the effects of calciotropic hormones in bone, we stud-
ied the effect of IL-6 on agonist-mediated cAMPproduction.
Wemeasured cAMPproduction in response to PTH, PGE2,
forskolin and cholera toxin. Forskolin and cholera toxin were

used, respectively to activate the catalytic and stimulatory (Gj)
subunit of adenylyl cyclase independent of hormonal binding
to a receptor. The data presented in Table I demonstrate that
IL-6 did not influence cAMPproduction by either receptor
(PTH and PGE2) or nonreceptor (forskolin and cholera toxin)
mechanisms.

Effect of IL-6 on cell growth. Wehave recently shown that
various osteotropic factors (e.g., PTH, PGE2) mediate their
effects on osteoblast function through the Ca2' and cAMPsig-
naling systems (44, 56). Among the pleiotropic effects me-

diated by these messenger systems, cAMPis antiproliferative in
osteoblasts whereas the Ca2+ signaling system, while not having
an effect on proliferation by itself, antagonizes the antiprolifer-
ative effect of cAMP (44, 56). We, therefore, reasoned that

[Ca+j in -nM
386

134 _ ^!

A a

B b

.wA "l ~~~~~~~~1min
Ba C12 1mM

Figure 7. IL-6 effect on PKC- and depolarization-activated Ca2" entry
pathways. UMR-106 cells were cultured for 24 h in serum-free DME
containing either vehicle alone (A and B) or 200 U/ml IL-6 (a and
b). On the day of the experiment, cells were loaded with fura-2 as

described in Methods. In A and a, cells were perfused with BSS con-

taining 1.5 mMCaC12. PMA(1 MM) was added as indicated and
fluorescence was recorded. In B and b, cells were bathed in Ca2+-free
BSS. After stabilization of the signal, mMBaCl2 was added as indi-
cated. This experiment represents one of five similar experiments.

since IL-6 attenuates [Ca2+]i rise by calciotropic hormones, it
may impinge on the effects of hormones on cell proliferation.
Fig. 12 demonstrates that in UMR-106 cells, PGE2dose depen-
dently inhibits [3H]thymidine uptake. Pretreatment for 24 h
with 200 U/ml IL-6 by itself did not have an effect on cell
proliferation. However, when combined with PGE2, there was

a marked potentiation of the antiproliferative effect of PGE2.
Wecompared the effect of IL-6 to that of the phorbol ester,
PMA. We(44) have shown that similarly to IL-6 phorbol esters
also attenuate hormonally mediated increase in [Ca2+]i in os-

teoblasts without affecting cAMPproduction. As shown in Fig.
12, 10 nM PMA, while having no effect of its own on cell
proliferation, greatly enhanced the antiproliferative effect of
PGE2, an effect similar to that of IL-6. The combination of
IL-6 and PMAdid not result in additional enhancement of
PGE2induced antiproliferation beyond that produced by each
agonist alone (not shown).

The experiment described in Fig. 12 was repeated in calvar-
ial osteoblasts. The results were qualitatively comparable to
those obtained in UMR-106 cells. PGE2at doses of 1 and 10
MiM inhibited [3H]thymidine uptake by 54% and 76%, re-

spectively (control 100%). Pretreatment of the cells for 24 h
with 200 U/ml IL-6 had no effect on cell proliferation but
when combined with PGE2, the cytokine enhanced the anti-
proliferative effect of PGE2(reduction by 75% and 92% from
control at 1 and 10 MuM PGE2, respectively; P < 0.01 PGE2
alone vs. PGE2+ IL-6).

Table II presents data showing that IL-6 has also a poten-
tiating effect on the antiproliferative response induced by PTH.
This effect is demonstrated in UMR-106 cells as well as in
primary cultured osteoblasts.
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Discussion

Calciotropic hormones with bone-resorbing activity mediate
their action by binding to specific receptors in osteoblasts and
subsequent activation of one or both of two signal transduction
pathways: (a) The adenylate cyclase-cAMP system which acti-
vates protein kinase A; and (b) Elevation in [Ca2+]i resulting
either from opening of plasma membrane channel or from
Ca2" release after the breakdown of phosphoinositols (44, 51,
52). Our study shows that IL-6 dissociates between the effects
of calciotropic hormones (PGE2, PTH, ET-1) on the [Ca2+]i
and cAMPmessenger systems. Thus, while not influencing any
of the signal transduction pathways by itself, IL-6 clearly attenu-
ates the [Ca2"]i response to these agonists in the osteoblastic
UMR-106 cells, as well as in primary cultured osteoblasts. The
cytokine affects specifically the process of Ca2+ mobilization
from intracellular stores due to suppression of hormonal in-
duced IP3 generation from phosphoinositide breakdown. In
contrast, Ca2+ influx mechanisms mediated by the calciotropic
hormones were not altered. Furthermore, other Ca2' entry
pathways, namely PKC and voltage activated Ca2+ channel
were not also modulated by IL-6.
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Figure 9. Time course for IL-6 effect on the [Ca2 ]i message. UMR-
106 cells were preincubated for the indicated time periods in serum-
free DMEcontaining either vehicle alone or 200 U/ml IL-6. At each
time points, cells were loaded with fura-2 and fluorescence was re-
corded after acute stimulation with 1 uM PGE2as described in
Methods. Percent inhibition of [Ca2+]i increments above baseline in
IL-6-treated cells vs. vehicle treated cells was calculated and plotted.
Results are means±SE from six independent experiments. *P < 0.05
IL-6-treated cells vs. control; **P < 0.01 IL-6-treated cells vs. control.

IL-6 Figure 8. Dose response for
(100 u/ml) IL-6 effect on hormonally

evoked [Ca2]i rise. UMR-
106 cells were preincubated
for 24 h in serum-free DME
containing vehicle alone
(control) or the indicated
concentrations of IL-6. On
the day of the experiment,
cells were loaded with fura-2
and [Ca2+]i was measured
and calculated following
acute stimulation with PGE2
(1 AM) as described in
Methods. This experiment

1-i represents one of four experi-
1 min ments with similar results.

It is currently known that the biological effects of IL-6 in
target organs are mediated by a specific membrane receptor
(IL-6R) which belongs to cytokine receptor superfamily based
on structural and functional similarities (16-22). Since the
main signal transduction activated by the association of IL-6
with its receptor involves tyrosine phosphorylation of intracel-
lular proteins (20-22), we tested the effect of TK inhibitors on
the IL-6 effects as demonstrated in our study. Our data show
that herbimycin A, a highly specific inhibitor of intracellular
TKs (53) abolished the inhibitory effect of IL-6 on hormonally
induced Ca2" transients. This effect was not shared by another
TK inhibitor, tyrphostin (RG50863) which is more specific for
receptor TKs (e.g., EGFreceptor). Since the two TK inhibitors
also differ in their ability to inhibit TK activity encoded by the
c-src gene (53, 57), our data provide an indirect evidence for
possible role of src TK in mediating some of IL-6 effects in
osteoblasts. However, in the absence of more direct assays of
src activity, the possibility of other intracellular TKs mediating
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Figure 10. IL-6 effect on PTHdose-response curve for stimulation of
Ca2" transients. UMR-106 cells were preincubated for 24 h in
serum-free DMEcontaining either vehicle alone (.) or 200 U/ml
IL-6 (vn). On the day of the experiment, cells were loaded with fura-2
perfused with Ca2 -replete BSSand acutely stimulated with the indi-
cated concentrations of PTHas described in Methods. The peak rise
in [Ca2+]i was recorded and measured. [Ca2"]i increment above rest-
ing level after stimulation with l0-7 MPTH in vehicle treated cells
(control) was taken as 100%. At each PTH concentration, the in-
crease in [Ca2+]i above resting level was calculated and plotted as
percent relative to the 100% control. Data are mean±SE from four
independent experiments. Curves were fit using nonlinear least square
analysis.

Interleukin-6 Effect on Calcium Mobilization in Osteoblasts 2347

l _

Ir



8,000]
a

6,000-

a 4,000-

2,000-

0-

* Control
0 PGE, 1IM

..o . . . .....cho ... .....
0 PGEg + Chronic IL-6

1 ...l.. ... ..

..I- I.
MW

IF1 IP2 IP3

100

C

0

0

Figure 11. IL-6 effect on phosphoinositol production by PGE2.
UMR-106 cells in 12-well plates were prelabeled with 3 AsCi/mI
myo[3H]inositol as described in Methods. On the day of the experi-
ment, cells were stimulated with 1 AMPGE2for lO s. Reaction was
terminated with trichloroacetic acid and inositol phosphates IPI, IP2,
and IP3 were separated on AG-1X8 columns as described in Methods.
The experiment was performed under the following three conditions:
(a) control (no hormone added); (b) cell preincubated for 24 h with
IL-6 vehicle followed by acute (10 s) stimulation with POE2; (c) cells
preincubated for 24 h with 200 U/ml IL-6 followed by acute (10 s)
exposure to POE2. Values are mean±SE (n = 4) from three indepen-
dent experiments. *P < 0.01 vs. control and IL-6-treated cells.

IL-6 effect cannot be excluded. Recently, herbimycin A has
been shown to inhibit bone resorption, both in vivo and in
vitro through a direct effect on osteoclast number and function
(57). Our data, therefore, indicate that this drug can also affect
bone metabolism through action in osteoblasts as well. The
link between activation of TK and suppression of hormonal
induced Ca2+ signals remains conjectural at this point. It could
be related to tyrosine phosphorylation of certain phosphoinosi-
tides which, in turn, could reduce the level of substrate for IP3.
This possibility awaits further exploration.

The physiological significance of the IL-6 effect on agonist
induced [Ca2+]i rise is demonstrated by our data showing that
IL-6, while having no effect of its own on cell proliferation,
potentiates the antiproliferative effect of PGE2 and PTH in

Table I. IL-6 Effect on Agonist-induced cAMPProduction

cAMPaccumulation

Vehicle IL-6
Agonist (control) (200 U/ml)

(pmot/10P cells)

PTH (10-8 M) 231±12 229±11
PGE2(10-6 M) 234±18 231±9
Forskolin (15 AM) 344±19 348±25
Cholera toxin (5 jg/ml) 137±9 123±14

Confluent UMR-106 cells grown in 24-well plates were incubated for
24 h in serum-free DMEMcontaining vehicle or 200 U/ml IL-6. On
the day of the experiment, cells were stimulated with the following
agonists: (1-34) b PTH 10-8 Mfor 5 min. PGE2 1 AMfor 5 min.
Forskolin 15 AMfor 5 min and cholera-toxin (5 Ag/ml) for 2 h. The
reaction was terminated by aspirating the medium containing the
agonist and adding 0.5 ml of L-propanol. Total cAMPaccumulation
was measured in the medium and in the propanol extract as described
in Methods. Results show mean±SE (n = 4) from four independent
experiments. Similar results were obtained when IL-6 was added to
cells 15 min or 2 h before exposure to the various agonists.
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Figure 12. IL-6 potentiates the antiproliferative effect of PGE2.
UMR-106 cells grown in 24-well plates were preincubated for 24 h in
serum-free DMEcontaining: (a) different concentrations of PGE2
as indicated (o); (b) PGE2at the different concentrations with 200
U/ml IL-6 (0); (c) 10 nMPMAadded to PGE2(A) (both IL-6 and
PMAwere added 15 min before the addition of PGE2and were then
kept for the entire 24-h incubation period with PGE2); (d) 200 U/ml
IL-6 (n); (e) 10 nM PMA(A). 3 h before the harvest, cells were
pulsed with [3H]thymidine and at the end of the incubation period,
[3H]thymidine uptake was done as described in Methods. Results
are expressed as percent uptake relative to 100% control ([3H]-
thymidine uptake where no agonist was added). DMSO(the PMA
vehicle) did not have any effect on uptake. Data are mean±SE
(n = 4) from five independent experiments.

osteoblasts. Others and we have shown that the pleiotropic
functions of these hormones on bone metabolism can be ex-
plained on the basis of antagonistic effects between the Ca2+
and cAMPsignaling pathways (41-44, 56). With respect to cell
growth, the cAMPmessenger system is antiproliferative, while
[Ca2+]j, although having no effect of its own on cell growth,
antagonizes the cAMPantiproliferative effect (44, 56). Thus,
agonists attenuating [Ca2+]i response stimulated by PTH or
PGE2will potentiate the antiproliferative effects of these hor-

Table II. Effect ofIL-6 on PTH-induced Antiproliferative Response

[3H] Thymidine uptake

Addition UMR-106 cells Calvarial osteoblasts

cpm/well

Vehicle (control) 13410±380 8507±87
PTH (10-8 M) 6208±75* 2515±54*
PTH (10-9 M) 8205±92* 3897±35*

IL-6 (200 U/ml) 13727±415 8620±112
IL-6 + PTH (10-' M) 3708±56* 1863±42*
IL-6 + PTH (10-9 M) 5247±63* 2456±64*

UMR-106 cells or primary osteoblastic cells from neonatal rat cal-
variae were cultured for 24 h in serum-free media containing additives
as indicated. At the end of the incubation period, thymidine incorpo-
ration was performed as described in Methods. Data are mean±SE (n
= 4) from three independent experiments. * P < 0.01 vs. control;
t P < 0.005 vs. control; P < 0.05 vs. PTHalone (i.e., without IL-6).
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mones (44) while agents enhancing [Ca2"]i response will miti-
gate the antiproliferative effects of the hormones (56). Our
data, therefore, suggest that by attenuating [Ca2"]i rise induced
by PGE2and PTH (which activate both second messengers),
IL-6 further enhances the antiproliferative effect of these hor-
mones. Consistent with this notion, our data have shown that
IL-6 effect was similar to that of PMAwhich also potentiates
the antiproliferative effect of PGE2 through the same mecha-
nism, namely, attenuation of Ca2+ signals induced by calcio-
tropic hormones (44). The enhancing influence of IL-6 on the
antimitotic effect of hormones could not be ascribed to in-
creased cAMPlevels since IL-6 does not modify cAMPproduc-
tion in osteoblasts (Table I).

Our study adds to the overall gamut of IL-6 effects on bone
metabolism. The majority of evidence currently available sug-
gests that IL-6 stimulates bone resorption by enhancing osteo-
clast recruitment from hematopoietic precursors (23, 25, 28,
29). However, the data regarding IL-6 effect on the osteoblast
have, thus far, yielded conflicting results. While some investi-
gators have shown modest effect of the cytokine on cell prolifer-
ation (37) and differentiation (23), others have failed to dem-
onstrate IL-6 effect on proliferation, alkaline phosphatase activ-
ity, or osteocalcin production in osteoblastic cells (36).
However, even in cells in which IL-6 has been shown to exert
no effect (such as human osteoblastic cells and ROS17/2.8
cells [ 36 ]), the cells produce IL-6 and also express mRNAfor
the IL-6 receptor (36). Based on our data, we suggest that IL-6
has a paracrine/autocrine role, whereby after its secretion from
the osteoblast in response to calciotropic hormones, IL-6 feeds
back on the osteoblast to modulate signaling pathways gener-
ated by the hormones. This, in turn, will affect osteoblastic
function (e.g., cell proliferation). In addition, IL-6 acts on he-
matopoietic progenitors to recruit osteoclasts thereby stimulat-
ing bone resorption.
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