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Abstract

Nitric oxide (NO) has been suggested to be involved in the
regulation of osteoclast activity. Since osteoblasts, through the
release of various factors, are the main regulators of osteoclas-
tic resorption, first we have investigated whether osteoblast-
like cells and fetal mouse long bone explants are able to pro-
duce NO. Second, we have assessed the effect of NO on osteo-
clastic resorption in whole bone cultures. In this study we show
that primary rat osteoblast-like cells as well as the clonal rat
osteoblast-like cell line UMR-106, stimulated with IFN-vy to-
gether with TNF-a and LPS, produce NO, measured as nitrite
production. IL-1a enhanced while TGF-82 inhibited TNF-a
+ IFN-vy + LPS-stimulated NO production in UMR-106 cells
dose dependently. Both the cytokines, however, had no effect
when given alone. The competitive inhibitor of NO production,
N€-monomethyl-arginine (L-NMMA), and cycloheximide
abolished the increase in nitrite production induced by TNF-«a
+ IFN-y + LPS, while hydrocortisone had no effect, as previ-
ously reported for chondrocytes. Calciotropic hormones had
either no effect [1,25(OH),D,] or had a small inhibitory effect
(parathyroid hormone) on stimulated NO production. Further-
more, we found that in cultured fetal mouse long bone explants
the combination of TNF-a + IFN-y + LPS as well as the NO
donor sodium nitroprusside could inhibit osteoclastic resorp-
tion, measured as “Ca release. The inhibition of resorption was
prevented by concurrent administration of L-NMMA. Histolog-
ical evaluation revealed that the TNF-a + IFN-y + LPS-in-
duced inhibition of “°Ca release was associated with a decrease
in the number of tartrate-resistant acid phosphatase—positive
osteoclasts. We propose that the NO production by osteogenic
cells (osteoblasts and chondrocytes) may represent an impor-
tant regulatory mechanism of osteoclastic activity especially
under pathological conditions characterized by release of bone-
resorbing inflammatory cytokines. (J. Clin. Invest. 1994.
93:1465-1472.) Key words: nitric oxide ¢ osteoblasts ¢ bone
osteoclasts ¢ resorption
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Induction of Nitric Oxide in Osteoblasts Can Regulate Osteoclastic Resorption

Introduction

Nitric oxide (NO)! is a recently identified messenger molecule
regulating a wide range of functions throughout the body (for
review see references 1-3). NO is synthesized from L-arginine
by NO-synthase (NOS), and can act as a neurotransmitter in
the brain and peripheral nervous system; it has been identified
as the endothelial-derived relaxation factor, which binds to
guanylate cyclase leading to cGMP formation and subsequent
smooth muscle relaxation. NO can also contribute to immune
function since NO produced by macrophages is involved in
their tumoricidal and bactericidal actions (4-6).

At present three distinct forms of NOS have been identified
and cloned (7-9). In neurons and brain (cerebellar type) and
blood vessels (endothelial type ), NOS is constitutive and Ca?*
dependent (7, 8), whereas in macrophages (9), hepatocytes
(10), fibroblasts (11), and chrondrocytes (12-14) (macro-
phage type), the enzyme activity is induced by cytokines and
endotoxins.

Using isolated osteoclasts, it has recently been shown that
NO acts directly on the osteoclast to produce a major shape
change. These shape changes were associated with a reduction
of bone resorption after a 24-h incubation of isolated osteo-
clasts on devitalized bone slices. These effects of NO were not
mediated by cGMP or changes in intracellular calcium (15).
These authors suggested that NO-producing endothelial cells in
bone marrow in the proximity of osteoclasts could regulate
osteoclast activity. However, it is well established that the os-
teogenic cells (osteoblasts and chondrocytes ) are the main regu-
lators of osteoclastic resorption, through the release of pro-
teases, cytokines, and other factors (16, 17). The aim of this
study was to investigate first whether osteoblast-like cells and
fetal mouse long bones are able to produce NO, and second, to
assess the effect of NO on osteoclastic resorption in fetal mouse
long bone cultures.

Methods

Materials. tMEM and RPMI were purchased from Gibco Laborato-
ries (Grand Island, NY), and penicillin, streptomycin, and FCS were
from Flow Laboratories (Amstelstad, Zwanenburg, The Netherlands).
Recombinant human TNF-a was from Boehringer Ingelheim (Ingel-
heim, Germany). Recombinant human IL-1« was a gift from Dr. P.
Lomedico (Hoffman-La Roche Inc., Nutley, NJ), recombinant rat
IFN-y from Dr. P. H. van der Meide (Institute of Applied Radiobio-
logy and Immunology, Rijswijk, The Netherlands), and recombinant
TGF-B2 from Dr. J. H. M. Feijen (Sandoz, Basel, Switzerland). LPS
from Escherichia coli was obtained from Difco Laboratories Inc. (De-
troit, MI), and N°-monomethyl-L-arginine (L-NMMA ) and sodium

1. Abbreviations used in this paper: L-NMMA, N®-monomethyl-L-ar-
ginine; NO, nitric oxide; NOS, nitric oxide synthase; NO,™, nitrite;
PTH, parathyroid hormone.
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nitroprusside (SNP) from Calbiochem-Behring Corp. (San Diego,
CA). All other chemicals used were of highest quality available.

Cell cultures. Primary cultures of rat osteoblast-like cells were pre-
pared from 20-d-old fetal rat calvaria by the sequential collagenase
method (18). ROB were cultured in a 24-well culture cluster (Greiner
Labortechnik, Frickenhausen, Germany) in aMEM supplemented
with 10% FCS, gentamycin (9 mg/ 100 ml), and glucose (100 mg/ 100
ml). UMR-106, a clonal rat osteogenic sarcoma cell line with a charac-
terized osteoblast phenotype (19), was a gift of Dr. T. J. Martin (St.
Vincent’s Institute for Medical Research, Melbourne, Australia).
UMR-106 cells were cultured in «MEM supplemented with 5% FCS
and antibiotics.

Bone resorption assay. Pregnant Swiss albino mice were injected
intraperitoneally with 30 uCi “Ca (sp act, 1 Ci/mmol; Amersham
International, Amersham, UK) on day 16 of gestation, whereby vagi-
nal plug discovery was defined as day 0 of gestation. 1 d later the ani-
mals were killed by servical dislocation. The “*Ca-prelabeled bone
shafts of radii were disected out in Hepes-buffered Hank’s solution (pH
7.4) as described (20). Shafts of radii were cultured in a 24-well plates
in aMEM + 10% heat-inactivated FCS and antibiotics in a final vol-
ume of 500 ul. Explants were precultured for 24 h to allow the calcium
exchange with the medium to reach a steady state and then cultured for
4 d in similar medium with or without the agents to be tested. Cultures
were performed at 37°C in a humidified atmosphere of 5% CO,. At the
end of the culture period, 250 ul of the medium was used for determina-
tion of the amount of *Ca released from the bone explants, whereas the
other 250 ul was used for determination of the nitrite content. Residual
calcium was extracted from the bones in 0.5 ml 5% TCA for 24 h. In
some experiments bones were fixed and processed for histology. The
amounts of **Ca in the culture media and in the decalcification fluids
were determined in a liquid scintillation counter.

Calculation of osteoclastic resorption. Resorption was expressed as
the percentage “*Ca in the prelabeled explant that is released during
incubation (% **Ca release). The values were corrected for physico-
chemical calcium exchange by substraction of the percentage “°Ca re-
lease from a dead bone (percentage killed control [% KCo]). Bones
were killed by three cycles of freeze~thawing. Osteoclastic resorption is
thus calculated as:

45Ca release into medium (cpm)
total **Ca incorporated in bone (cpm)

X 100% — % KCo release.

% net **Ca release =

Histology. At the end of the culture period, the bone explants were
fixed in 10% neutral-buffered formalin for 24 h at 4°C and subse-
quently decalcified in 5% formic acid and 5% formalin for 3 h at 4°C.
The explants were then processed for demonstration of tartrate-resis-
tant acid phosphatase activity according to the en bloc staining method

of Scheven et al. (21), using naphtol AS-BI phosphate as substrate,
pararosalin as coupler, and 10 mM L-tartrate as inhibitor. Paraffin
sections 5 um thick were counterstained with hematoxylin.

Nitrite production. NO was measured as nitrite production in cul-
ture medium of confluent cultures after 24 h of incubation. Nitrite is
the stable end product of NO and has been shown to be a good reflec-
tion of NO production. The amount of nitrite (NO,~) released by cells
or bone explants was determined using the Griess reagent consisting of
1% sulfanylamide, 0.1% naphtylethelene-diamine-dihydrochloride,
and 2.5% H;PO,. Briefly, 75 ul culture supernatant was mixed with 75
ul Griess reagent and incubated in a 96-well plate for 15 min at room
temperature under continuous shaking. NO,™ concentration, propor-
tional to ODs;,, was determined using a microtiterplate reader (Ther-
momax ™, Molecular Devices, Menlo Park, CA) with reference to a
standard curve of serial dilutions of NaNQ,. Total cellular protein
content was measured with the BCA protein assay (Pierce Chemical
Co., Rockford, IL). The results are expressed as nanomoles NO,™ per
miligram cellular protein.

Statistics. Values are expressed as means=SEM. Statistical differ-
ences between the values were examined by one-way ANOVA for mul-
tiple comparisons followed by Fisher’s test.

Results

NO production by rat osteoblast-like cells. In unstimulated
confluent cultures of primary fetal rat osteoblast-like cells a
spontaneous production of NO,~ was found that was stimu-
lated significantly after a 24-h incubation with IFN-y (100 U/
ml) and LPS (10 ng/ml) or a combination of the two. TNF-«
(100 ng/ml) alone did not stimulate NO,™ production, but in
combination with IFN-y or LPS enhanced NO,™ production
significantly compared with the single stimuli. The most potent
stimulus of NO,™ production was the combination of TNF-«
+ IFN-y + LPS (Fig. 1 4). Similar results were found when
primary mouse osteoblasts were used (results not shown). We
also performed the same experiments with the clonal rat osteo-
genic sarcoma cell line UMR-106, which has a well-character-
ized osteoblast-like phenotype (19). UMR-106 cells did not
produce NO,™ spontaneously, but when the cells were stimu-
lated by TNF-«a together with LPS or IFN-v, or the combina-
tion of the three, a significant increase in NO, ™ production was
measured (Fig. 1 B). Since the UMR-106 cells are osteoblast-
like cells of clonal origin and can be stimulated to produce
NO,™ similar to ROB, they were used in all further studies
unless otherwise indicated.
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Figure 1. Effect of LPS (10 ng/
ml), IFN-y (100 U/ml), TNF-«
(100 ng/ml), or combination

of these on NO,~ production by
(A) primary rat osteoblast-like
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Time course of NO production. To determine the time
course of the response, UMR-106 cells were cultured to con-
fluence and stimulated with TNF-a + IFN-y + LPS. Signifi-
cant amounts of NO,~ were measured after a lag period of 6 h,
and increased further during the next 18 h followed by a much
slower secondary increase up to 72 h (Fig. 2). In all further
experiments NO,~ production by cells was determined in the
culture medium after 24 h of incubation with or without
stimuli.

Dose-response studies with a combination of TNF-a: + LPS
+ IFN-v. Three dose-response experiments with a combina-
tion of TNF-a + LPS + IFN-y were performed. In these the
concentration of one of the stimuli varied while the concentra-
tions of the other two were kept constant. All stimuli increased
NO production dose dependently (Fig. 3).

Partial characterization of NO induction. The increase in
the amount of NO,™ induced by TNF-a + LPS + IFN-y could
be inhibited by simultaneous addition of 1 mM of the competi-
tive inhibitor of NOS, L-NMMA, or by 107 M cycloheximide
(Table I). Hydrocortisone, at concentrations of 10~® and 107’
M, had no significant effect on the TNF-a + LPS + IFN-y-
stimulated NO,~ production.

Effects of IL-1a parathyroid hormone (PTH), and dibu-
tyryl-cAMP on stimulated NO production. IL-1a synergistically
stimulated TNF-a + IFN-y or TNF-a + INF-y + LPS-in-
duced NO,™ production, but was ineffective on its own (Fig.
4).4.10~8 M PTH(1-34) alone or in combination with TNF-«
+ IFN-vy did not affect NO,™ production in UMR-106 cells.
However, in the presence of the combination of TNF-« + IFN-
v + LPS, PTH significantly inhibited NO,~ production. The
inhibitory effect of PTH could be mimicked by 0.1 and 1.0 mM
dBcAMP (Fig. 4).

Dose-response of IL-1a and TGF-B2 on stimulated NO
production. Fig. 5 shows the effect of various doses of IL-1« and
TGF-62 on TNF-a + IFN-y + LPS-stimulated NO produc-
tion. IL-1 further increased stimulated NO production dose
dependently. In contrast, TGF-32 dose-dependently inhibited
TNF-a + IFN-vy + LPS-induced NO production. TGF-432 also
inhibited TNF-a + IFN-y-stimulated NO production but was
ineffective on its own (results not shown).
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Figure 2. Time course of NO,™ production by confluent cultures of
UMR-106 cells stimulated with a combination of TNF-« (100 ng/ml)
+ IFN-y (100 U/ml) + LPS (10 ng/ml). Data (nmol NO, /mg cel-
lular protein) are the means of two experiments, each performed in
quadruplicate. Variation in the mean values are never > 5%.
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Figure 3. Dose-response curves of the effects of combinations of
TNF-a + LPS + IFN-y on NO,™ production by UMR-106 cells after
24 h of incubation. In these experiments the concentrations of two
of the stimuli were kept constant whereas the concentration of one of
the stimuli varied. (4) Dose-response of recombinant human TNF-«
in the presence of 10 ng/ml LPS and 100 U/ml IFN-v. (B) Dose-re-
sponse of LPS in the presence of 100 ng/ml TNF-« and 100 U/ml
IFN-v. (C) Dose-response of recombinant rat IFN-y in the presence
of 10 ng/ml LPS and 100 ng/ml TNF-a. Data (nmol NO,/mg cel-
lular protein) are the means of two experiments, each performed in
quadruplicate. Variation in the mean values are never > 5%.

Relation between NO production and osteoclastic resorp-
tion in cultured fetal mouse long bones. We next investigated
whether NO production could be induced in fetal mouse long
bone explants and whether this is related to changes in osteo-
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Table 1. Effects of Various Compounds on NO,~ Production
by the Osteoblast-like Cell Line UMR-106

NO, /cellular

Additives protein
nmol/mg

None ND
L-NMMA ND
TNF-a + IFN-y 1.65+0.2
TNF-a + IFN-y + L-NMMA ND
TNF-a + IFN-y + LPS 26.50+1.1
TNF-a + IFN-y + LPS + L-NMMA 5.25+0.4
TNF-a + IFN-y + LPS + HC (10~ M) 25.00+1.2
TNF-a + IFN-y + LPS + HC (1077 M) 24.00+1.5
TNF-a + IFN-y + LPS + CHX 4.00+0.5

Confluent cultures of UMR-106 cells were treated with various addi-
tives for 24 h. Concentrations used were 100 ng/ml TNF-a; 100
U/ml IFN-v; 10 ng/ml LPS; 1 mM L-NMMA; 10~ and 10~ M hy-
drocortisone (HC); 107 M cycloheximide (CHX). Data, expressed
as nmol NO,”/mg cellular protein, are means+SEM of three experi-
ments, each performed in triplicate. ND, not detectable.

clastic resorption. TNF-a (10 ng/ml) + IFN-y (100 U/ml)
+ LPS (10 ng/ml) induced a significant increase in the amount
of NO,™ in the culture supernatant of these bone explants after
4 d of culture (Fig. 6 A). This increase in NO production was
associated with a significant inhibition of resorption measured
as “*Ca release (Fig. 6 B). Addition of 1 mM L-NMMA signifi-
cantly inhibited TNF-« + IFN-y + LPS-stimulated NO,™ pro-
duction from 4.0+0.2 t0 0.91+0.2 nmol NO, /well (P < 0.05),
and could prevent the suppression of osteoclastic resorption
(Fig. 6). Control resorption, however, was not influenced by

nmol NO, -/mg cellular prot.
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Figure 4. Effect of 40 nM PTH (gray bars), 10 ng/ml IL-1a (hatched
bars), and 0.1 and 1.0 mM dBcAMP (black bars) on basal or stimu-
lated NO,™ production by confluent cultures of UMR-106 cells. The
cells were either unstimulated or stimulated for 24 h with TNF-«
(100 ng/ml) + IFN-y (100 U/ml) or with TNF-a + IFN-y + LPS
(10 ng/ml). Data (nmol NO,™/mg cellular protein) are means+=SEM
of three experiments, each performed in triplicate. ***Significantly
different from TNF-a + IFN-y; P < 0.001. NS, not significant. *Sig-
nificantly different from TNF-a + IFN-y + LPS; P < 0.05, *P < 0.01.
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Figure 5. The effect of various doses of (4) recombinant human IL-
la and (B) recombinant human TGF-32 on LPS (10 ng/ml)

+ TNF-a (100 ng/ml) + IFN-y (100 U/ml)-stimulated NO,™ pro-
duction by confluent cultures of UMR-106 cells after 24 h of incuba-
tion. Data (nmol NO, /mg cellular protein) are the mean of two
experiments, each performed in quadruplicate. Variation in the mean
values was never > 5%.

L-NMMA. These findings were confirmed by histological eval-
uation of the long bones (Fig. 7). In the presence of TNF-«
+ IFN-y + LPS (Fig. 7 C), almost no osteoclasts were found
but simultaneous addition of L-NMMA (Fig. 7 d) totally re-
stored osteoclastic resorption to control level (Fig. 7 b). In Fig.
8 A, it is shown that the NO-releasing agent sodium nitroprus-
side stimulated the NO,~ production in the bone cultures dose
dependently, both in the absence and presence of PTH (4.10 78
M). Furthermore, sodium nitroprusside inhibited basal- as
well as PTH-induced osteoclastic resorption measured as net
45Ca release in a dose-dependent fashion.

Discussion

This study shows that various cytokines or combinations of
these with LPS can induce NO production in primary rat osteo-
blast-like cells as well as in the clonal rat osteoblast-like cell line
UMR-106. Spontaneous production of NO was, however, ob-
served only in cultures of primary osteoblast-like cells.
Whether this was due to other cells contaminating the primary
osteoblast cultures (e.g., endothelial cells) or to the presence of
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Figure 6. Effect of LPS (10 ng/ml) + IFN-y (100 U/ml) + TNF-a
(10 ng/ml) in the absence or presence of | mM L-NMMA on (4)
NO,™ production, and (B) net %*’Ca release by fetal mouse long
bones (shafts of 17-d-old radii) after 4 d of culture. Data (nmol
NO, /well or net %**Ca release) are means+SEM of four cultures.
*Significantly different from control, P < 0.05. *Compared with LPS
+ IFN-y + TNF-« treated, P < 0.05.

a constitutive NOS in normal osteoblast-like cells (as opposed
to those of malignant origin) needs to be addressed in further
studies. Similar to other cell types containing an inducible
NOS, the increase in NO production in the UMR-106 cells
started after a lag period of 6 h and continued thereafter. We
demonstrated that the competitive inhibitor of NO produc-
tion, L-NMMA, blocked stimulated NOS activity and that the
induction of NO production could be inhibited by cyclohexi-
mide. Similar to chondrocytes (12-14), but in contrast to
other cell types containing an inducible NOS (22, 23), the
NO,™ production could not be inhibited by hydrocortisone. In
contrast to chondrocytes (12-14), but similar to fibroblasts
(11), IL-1« alone could not induce NO,™ production in UMR-
106 cells but stimulated NO,~ production synergistically when
combined with TNF-a + IFN-y or TNF-a + IFN-y + LPS.
TGF-p2 alone had also no effect on NO,~ production but could
dose dependently inhibit TNF-a + IFN-y or TNF-a + IFN-y
+ LPS-induced NO,~ production. This is in line with findings
in macrophages in which TGF-81, 2, and 3 are all able to in-
hibit induction of NOS activity (24).

Induction of Nitric Oxide in Osteoblasts Can Regulate Osteoclastic Resorption

The major bone resorbing hormone, PTH, had no effect on
NO,~ production when added alone or in combination with
TNF-a + IFN-v, but had a small significant inhibitory effect
on TNF-a + IFN-y + LPS-induced NO,™ production. This
was probably due to its well-known stimulatory effect on intra-
cellular cAMP since the inhibition could be mimicked by the
cAMP analogue, dibutyryl cAMP. The active metabolite of
vitamin D;, 1,25(OH),D;, also a stimulator of bone resorp-
tion, had no effect on basal as well as stimulated NO produc-
tion (results not shown).

Apart from mouse and rat osteoblast-like cells, NO produc-
tion could also be induced in fetal mouse long bone explants by
TNF-a + IFN-y + LPS and by the NO-releasing compound
sodium nitroprusside. The induction of NO production by
TNFa + IFN-y + LPS and by sodium nitroprusside at concen-
trations > 0.01 mM was associated with a significant inhibition
of basal osteoclastic resorption. The latter is in line with the
findings of Maclntyre et al. (15), who reported that NO in-
duced a rapid shape change in isolated osteoclasts that was
associated with an inhibition of bone resorption when the os-
teoclasts were incubated for 24 h on devitalized bone slices. In
unstimulated fetal mouse bone shafts, containing mainly osteo-
blasts, chondrocytes, fibroblasts, and osteoclasts, there was no
detectable NO production and **Ca release could not be inhib-
ited by L-NMMA, indicating that basal osteoclastic resorption
is not regulated by a constitutive NO production. The inhibi-
tion of bone resorption by TNFa + IFNy + LPS, however,
could be prevented by concurrent addition of L-NMMA, indi-
cating that this inhibition was NO mediated, but in the pres-
ence of L-NMMA resorption was not increased above control
levels. The reason for this might be that IFN-v, apart from an
effect through NO, may also act through other pathways affect-
ing osteoclastic resorption, i.e., inhibition of osteoclast forma-
tion, as has already been suggested by Gowen et al. (25). Histo-
logical evaluation revealed that the LPS + IFN-y + TNF-a-
induced inhibition of *’Ca release was associated with a
decrease in the number of tartrate-resistant acid phosphatase—
positive osteoclasts. The absence of any evidence of cell or tis-
sue damage makes a possible toxic effect of NO on these cells
highly unlikely. The exact level of action of NO can not be
deduced from these experiments. To determine if the NO-me-
diated decrease in osteoclasts is due to a decrease in osteoclast
formation or just to a direct inhibition of osteoclast activity as
described by Maclntyre et al. (15), further studies are
warranted. It is remarkable that only NO,™ levels > 2.0 nmol/
well are related to inhibition of basal bone resorption since in
the presence of 0.01 mM sodium nitroprusside or TNF-a
+ IFN-vy + LPS + L-NMMA, the NO,™ levels were still signifi-
cantly elevated (2.0+0.05 and 0.9+0.2, respectively) compared
with control, but resorption was unaffected. However, PTH-
stimulated bone resorption was already significantly inhibited
by 0.01 mM sodium nitroprusside. Although this might just be
due to the sensitivity of our resorption assay, it is possible that
stimulated resorption is much more sensitive to NO-mediated
inhibition than basal resorption. In this way basal resorption is
not immediately influenced by small changes in NO concen-
trations constitutively produced by other cells, like endothelial
cells, neutrophils, mast cells, platelets, and neurons, present in
or near the bone compartment. However, it is likely that va-
soactive, neuronal active, and other rapidly acting activators of
the constitutive NOs activity can affect bone resorption
through an NO-mediated pathway.
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Figure 7. Transversal sections through shafts of 17-d-old radii after 4 d of culture. The bone explants are stained for tartrate-resistant acid pho-
spatase (TRACP) activity and sections are counter stained with hemotoxylin (as described in Methods). Representative sections are shown of
(a) “killed” control (three cycles of freeze-thawing), (b) control, (¢) LPS (10 ng/ml) + IFN-y (100 U/ml) + TNF-« (10 ng/ml)-treated ex-
plants, and (d) LPS + IFN-y + TNF-a-treated explants in the presence of 1 mM L-NMMA. In the “killed” control (a) there is no sign of
cellular activity. In the control cultures (5) TRAcP-positive osteoclasts are found especially at the sites were trabeculae are present (arrows). In
the presence of LPS + IFN-y + TNF-« (c) almost no TRACP-positive osteoclasts are found. Simultaneous addition of 1| mM L-NMMA (d)
totally restores LPS + IFN-y + TNF-a-inhibited osteoclastic resorption back to control levels. Note the reoccurence of TRACP osteoclasts
(arrows).
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Figure 8. The effect of the NO donor sodium nitroprusside in the ab-
sence or presence of 40 nM PTH on (4) NO; production, and (B)
net %*Ca release by fetal mouse long bones (shafts of 17-d-old radii)
after 4 d of culture. Data (nmol NOj3 /well or net % *Ca release) are
means+SEM of four cultures. *Significantly different from control; P
< 0.05, **P < 0.01, ***P < 0.001. *Compared with PTH treated;

P <0.05,*P<0.01,P<0.001.

An important question that arises whenever animal tissues
or cells are used is whether the findings can be directly applica-
ble to human physiology. Although induction of NO synthesis
by cytokines has not been found in human macrophages, it was
recently shown that human articular chondrocytes express an
inducible NOS (14). Compared with the NOS present in rabbit
chondrocytes (13), the human enzyme differs in its sensitivity
to calcium and glucocorticoids. However, it was shown that the
NOS in both species belonged to the same family as the NOS
expressed in rodent macrophages (14). As chondrocytes are
osteogenic cells, these findings in rodent bone cells are likely to
be relevant to human cells as well.

At this stage we can only speculate about the clinical rele-
vance of our observations. Our hypothesis is that NO produc-
tion may represent a protective mechanism against unopposed
bone resorption during pathological conditions, such as for ex-
ample during inflammation. As the inflammatory cytokines
IL-1 and TNF as well as LPS are known stimulators of osteo-

clastic bone resorption (26), one would expect considerable
bone loss during the course of inflammatory processes, which is
not the case. IFN-y, which is also produced during inflamma-
tion by activated T lymphocytes, appears to be the key regula-
tor of this protective mechanism. In the presence of TNF-a,
IL-1, and LPS, IFN-y induces NO production, which enhances
the immune function but in addition prevents bone resorption
induced by IL-1 and TNF. If this hypothesis is correct then in
conditions with impaired IFN-y production one would expect
to find increased bone loss. This is in fact the case in rheuma-
toid arthritis in which activated T lymphocytes have been
shown to have an impaired production of IFN-y compared
with controls (27). The systemic stimulators of bone resorp-
tion, PTH and 1,25(0OH),D;, involved in the normal control
of bone metabolism have no effect on NO production on their
own or in the presence of IFN-vy. This strengthens further the
hypothesis that the stimulation of the NO pathway appears to
be an important regulator of osteoclast activity only under
pathological conditions characterized by release of bone re-
sorbing inflammatory cytokines. Our hypothesis is supported
by the findings of Gowen et al. (25), showing that IFN-y
strongly inhibited bone resorption induced by TNF or IL-1 but
not that induced by PTH and 1,25(OH),D;.

In conclusion, NO produced by osteogenic cells (osteo-
blasts and chondrocytes) may be an important regulator of
osteoclast activity especially in conditions characterized by ele-
vated local release of inflammatory, bone resorbing cytokines.
These findings might open new perspectives in the approach of
bone disorders characterized by increased osteoclastic bone
resorption like high turnover osteoporosis, hypercalcemia due
to metastatic bone disease, Paget’s disease, and rheumatoid
arthritis.
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