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Oxygen-derived Free Radicals Stimulate Osteoclastic Bone
Resorption in Rodent Bone In Vitro and In Vivo

I. Ross Garrett, Brendan F. Boyce, Richard O. C. Oreffo, Lynda Bonewald, James Poser, and Gregory R. Mundy
Department of Medicine/Endocrinology and Metabolism, University of Texas Health Science Center, San Antonio, Texas 78284-7877

Abstract

The mechanisms by which bone resorbing osteoclasts form and
are activated by hormones are poorly understood. We show
here that the generation of oxygen-derived free radicals in cul-
tured bone is associated with the formation of new osteoclasts
and enhanced bone resorption, identical to the effects seen
when bones are treated with hormones such as parathyroid
hormone (PTH) and interleukin 1 (IL-1). When free oxygen
radicals were generated adjacent to bone surfaces in vivo, os-
teoclasts were also formed. PTH and IL-1-stimulated bone
resorption was inhibited by both natural and recombinant su-
peroxide dismutase, an enzyme that depletes tissues of super-
oxide anions. We used the marker nitroblue tetrazolium (NBT)
to identify the cells that were responsible for free radical pro-
duction in resorbing bones. NBT staining was detected only in
osteoclasts in cultures of resorbing bones. NBT staining in
osteoclasts was decreased in bones coincubated with calcitonin,
an inhibitor of bone resorption. We also found that isolated
avian osteoclasts stained positively for NBT. NBT staining in
isolated osteoclasts was increased when the cells were incu-
bated with bone particles, to which they attach. We confirmed
the formation of superoxide anion in isolated avian osteoclasts
using ferricytochrome ¢ reduction as a method of detection.
The reduction of ferricytochrome c in isolated osteoclasts was
inhibited by superoxide dismutase.

Our results 'suggest that oxygen-derived free radicals, and
particularly the superoxide anion, are intermediaries in the
formation and activation of osteoclasts. (J. Clin. Invest. 1990.
85:632-639.) bone resorption « oxygen radicals  osteoclasts

Introduction

Osteoclastic bone resorption is a complex process that involves
the release of mineral from bone and then degradation of the
proteinaceous bone matrix (for review, see 1). The signaling
mechanisms responsible for formation and activation of the
osteoclast are poorly understood. Since it is likely that osteo-
clasts are derived from cells of the monocyte-macrophage lin-
eage (1), and cells in this family generate oxygen-derived free
radicals that have been linked to multiple cellular effects as
well as connective tissue degradation (2, 3), we questioned
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whether formation and activation of bone resorbing osteo-
clasts was associated with oxygen-derived free radical genera-
tion.

Methods

Fetal long bone assay. Pregnant rats at the 18th d of gestation were
injected with 200 uCi of *Ca. The mothers were killed on the 19th d of
gestation, and the fetuses were removed. The mineralized shafts of the
radii and ulnae were dissected free of surrounding tissue and cartilage
and incubated in BGJb medium (Gibco Laboratories, Grand Island,
NY) for 24 h at 37°C in a humidified atmosphere of 5% CO, and 95%
air to allow for the exchange of loosely complexed “*Ca. Bones were
then cultured for 48-120 h in BGJb medium supplemented with 1
mg/ml bovine serum albumin (RIA grade; Sigma Chemical Co., St.
Louis, MO) containing control or test substances. Bone resorbing ac-
tivity was measured as the percentage of the total *Ca released into the
medium and was expressed as a treated-to-control ratio. Statistical
significance was determined with Student’s ¢ test for unpaired data.
This technique has been described in detail previously (4).

Neonatal mouse calvarial assay. This assay has also been described
before (5). Pregnant ICR Swiss white mice (17th d gestation) were
injected with 25 uCi of **Ca. 4 d after birth the front and parietal bones
were removed from the neonatal mice by microdissection and split
along the sagittal suture. After a 24-h preincubation period in BGJb
medium (Irvine Scientific, Santa Ana, CA) at 37°C in a humidified
atmosphere of 5% CO, and 95% air to allow for the exchange of loosely
complexed 4°Ca, the half-calvariae were transferred into fresh medium
containing test or control substances for a further 72-96 h. Four half-
calvariae were used in each experimental group and the bone resorbing
activity was expressed as treated-to-control ratios as described above.
In these experiments, statistical differences were evaluated using Stu-
dent’s ¢ test for unpaired data.

Isolation and culture of chick osteoclasts. Avian osteoclasts were
isolated from medullary bone of egg-laying white leghorn hens (King’s
Wheel, Mt. Vernon, OH). Hens were fed a hypocalcemic diet (Purina
Test Diet Co., Shelbyville, IN) for 2 wk as previously described (6-8).
In brief, bone marrow osteoclast suspensions from the medullary bone
were filtered through Nytex cloth (110 pm) (Tetko, Elmsford, NY),
centrifuged for 5 min at 1,200 rpm and the cell pellet suspended in
0.2% NaCl and incubated on ice for 2 min to remove red blood cells.
The cells were then layered onto 70% heat-inactivated fetal bovine
serum (FBS) (Gibco Laboratories) and allowed to stand on ice for 1-2
h, after which the sedimented cells were washed and resuspended in
a-MEM (Gibco Laboratories) containing 10% FBS, 100 U/ml penicil-
lin, 100 ug/ml streptomycin, and 3 ug/ml of arabinose-3-d-cytosine
furanoside to inhibit mitosis of nonosteoclastic cells. The osteoclasts
were then counted and plated into 24-well (Costar, Cambridge, MA)
culture dishes. These cell cultures were incubated at 37°C in a 5% CO,
humidified atmosphere for 48 h, after which the nonadherent cells
were removed by washing. The adherent osteoclasts were then incu-
bated for a further 48 h in fresh media with or without bone particles
(50-100 um).

Generation of oxygen-derived free radicals in bone organ cultures.
Several manipulations of both the fetal rat long bone culture system
and the neonatal mouse calvarial culture system were used to deter-
mine whether the generation of free radicals was involved in osteo-
clastic bone resorption. Firstly, xanthine oxidase and its substrate



xanthine were used to generate oxygen-derived free radicals (9) in bone
organ cultures. To confirm that the bone resorption associated with
generation of oxygen-derived free radicals by xanthine oxidase/xan-
thine was in fact mediated by the free radicals, the enzymes superoxide
dismutase and catalase were used. The reduction of oxygen by the
monovalent pathway produces the superoxide anion (O3) and hydro-
gen peroxide (H,0,), and if these are not scavenged, hydroxyl radical
(OH’) (3, 9, 10). Superoxide dismutase is a ubiquitous enzyme, which
depletes tissues of superoxide anions by converting the superoxide
anions to hydrogen peroxide. Catalase consumes hydroxyl radicals by
metabolizing hydrogen peroxide to oxygen. These enzymes can be
utilized to confirm the requirement of these radicals in the resorption
process, and to distinguish the importance of superoxide anions rela-
tive to hydroxyl ions.

Because calcitonin is a hormone that specifically inhibits osteoclast
activity, it was used to determine whether the effects of generation of
oxygen-derived free radicals on bone resorption in these organ cultures
was dependent on resorbing osteoclasts.

Invivo generation of oxygen-free radicals at bone surfaces. 10 ul of a
25-mM solution of xanthine and 10 ul of a 5-U/ml solution of xan-
thine oxidase was injected locally into the subcutaneous tissue over the
right side of the calvariae of 5-wk-old mice three times a day for 3 d.
The mice were then killed, the calvariae removed and fixed in phos-
phate-buffered formalin, and then processed for histology.

Quantification of morphologic changes in bone. Sections of calvar-
ial bones from both in vitro organ cultures and from mice treated with
xanthine oxidase/xanthine in vivo were examined histologically. The
bone matrix area between the lambdoid and coronal sutures was mea-
sured and the number of osteoclasts per square millimeter of bone was
counted using the Bioquant Image Analysis System (R & M Biomet-
rics, Inc., Nashville, TN). The extent of resorption along the inner and
outer bone surfaces was also measured. This histologic technique has
been described in detail previously (11, 12).

Nitroblue tetrazolium (NBT)' staining of calvaria and isolated os-
teoclasts. NBT (Sigma grade III) 20 mg was dissolved 10 ml phos-
phate-buffered saline at pH 7.4 (11). Calvariae after 72 h of culture
were incubated in this NBT solution at 37°C in a 5% CO, humidified
atmosphere for 30 min after which they were fixed in 10% phosphate-
buffered formalin. Macroscopic examination of the cultured calvariae
was performed using a Nikon Diaphot phase contrast inverted micro-
scope at low power (X5). The calvariae were examined for resorption
areas (which could be seen as discrete areas in the thin bones) and the
numbers of NBT-positive cellsymm? were counted. The calvariae were
then processed for histology (decalcified in 14% EDTA, dehydrated in
graded alcohols and embedded in paraffin). Four 5-uM thick, noncon-
secutive step-sections were cut and stained using hematoxylin and
eosin. The total number of osteoclasts and NBT-positive cells were
counted/section at four different levels through the calvariae.

The isolated avian osteoclasts that were cultured with or without
bone particles were also fixed and examined directly after incubation
with NBT.

Chemicals and reagents. Xanthine oxidase (grade 1), xanthine,
superoxide dismutase (type 1, from bovine erythrocytes), recombinant
human superoxide dismutase (Chiron Corp., Emeryville, CA; lot
CI9DOICR), NBT (grade III), cytochrome ¢ and catalase were pur-
chased from Sigma Chemical Co. Human PTH (1-34) was purchased
from Bachem Corp. (Torrance, CA). Superoxide dismutase and cata-
lase were prepared in BGJb medium at 100-fold concentration and
diluted as needed. Salmon calcitonin (synthetic) was provided by
Rorer, Inc. (Philadelphia, PA). All solutions were made fresh immedi-
ately before use. )

Results

We found that concentrations of 0.05 mU/ml xanthine oxi-
dase with xanthine at 25 uM caused resorption in both fetal rat

1. Abbreviation used in this paper: NBT, nitroblue tetrazolium.

long bone and neonatal mouse calvariae organ cultures (Fig.
1). The generation of superoxide radicals in this system was
confirmed using a cytochrome ¢ reduction assay (10) in phos-
phate-buffered saline. Using xanthine at a concentration of 25
uM, we found that 50 mU/ml xanthine oxidase produced 87
nM/ml per h of O; and 5 mU/ml xanthine oxidase produced 8
nM/ml per h of O35 under these experimental conditions. We
found no effect of heat-inactivated xanthine oxidase or its
substrate xanthine on bone resorption. Similarly, there was no
effect of uric acid, the product of the enzyme reaction, on bone
resorption (data not shown).

Bone resorption caused by the generation of oxygen-de-
rived free radicals using the xanthine oxidase/xanthine system
was inhibited by superoxide dismutase (6 pM) but not affected
by catalase (6 uM) (Fig. 2). These results suggest that the su-
peroxide anion rather than the hydroxyl anion is the major
reactive oxygen intermediate responsible for the bone resorp-
tion that occurs in this system. Calcitonin also inhibited bone
resorption in mouse calvariae, which was stimulated by gener-
ation of oxygen-derived free radicals, suggesting the involve-
ment of functioning osteoclasts in radical-related bone resorp-
tion (Fig. 2). However, indomethacin (1 uM), an inhibitor of
prostaglandin synthesis, had no significant effect on radical-
mediated bone resorption (data not shown), suggesting that
prostaglandins are not directly involved in this process.

Treatment of calvarial bone organ cultures with xanthine/
xanthine oxidase caused a dramatic increase in the number of
osteoclasts and the extent of resorption surfaces in histologic
sections (Table I, Fig. 3), and these changes were accompanied
by a significant reduction in the amount of bone matrix (Table
I, Fig. 1). These changes were similar to those observed when
calvariae were treated with PTH or IL-1. When superoxide
dismutase was addéd to bones treated with xanthine/xanthine
oxidase, the stimulatory effects of xanthine/xanthine oxidase
on osteoclast numbers and resorption surfaces was signifi-
cantly inhibited (Table I).
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Figure 1. The effects of oxygen-derived free radical generation by
xanthine oxidase/xanthine on organ cultures of bone. The bone cul-
tures were neonatal mouse calvariae and fetal rat long bones. Neona-
tal mouse calvariae were incubated for 72 h, and fetal rat long bones
were incubated for 120 h. Bone resorbing activity is expressed as
treated-to-control ratios of °Ca release. Bones incubated in control
media released 16.7+0.7 (calvariae) and 18.310.8 (long bones) of
previously incorporated 4*Ca. **Significantly > 1.0, P < 0.001. *Sig-
nificantly > 1.0, P < 0.01.
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Figure 2. Effects of su-
peroxide dismutase (6
uM), catalase (6 uM),

and salmon calcitonin
(10 U/ml) on bone re-

T sorption stimulated by
25 oxygen-derived free rad-
icals generated by
20 xanthine oxidase/xan-
* thine (5 mU/ml). **Sig-
g 15 nificantly < XO/X
§ . alone, P < 0.001. *Sig-
10 nificantly < XO/X

XA R %Y alone, P < 0.05.

Similar responses were seen in vivo in response to radical
generation. We found an increase in osteoclast numbers and in
the extent of the resorption surface along the interface between
bone and bone marrow in calvariae from mice treated with
xanthine/xanthine oxidase (Table I, experiment 1). These
findings are similar to those observed when we injected IL-1«
(2.5 ug once a day for 3 d) over the calvariae of young mice
(unpublished observations).

When the bone resorbing factors PTH, IL-1, and TNF were
added to bone organ cultures together with the enzymes that
deplete tissues of oxygen-derived free radicals, we found in
each case that osteoclastic bone resorption as measured by
quantitative morphology (Table I) or by release of previously
incorporated 4*Ca (Figs. 4 and 5) was inhibited by superoxide
dismutase. This occurred with both natural bovine superoxide
dismutase and recombinant human superoxide dismutase.
Catalase had no effects on bone resorption stimulated by PTH,
IL-1 or TNF (Fig. 4). Neither enzyme was toxic to bone re-
sorbing cells, since bone cultures that had been incubated with
the enzymes could be later stimulated to resorb maximally in
response to IL-1 '

In one set of experiments, we cultured murine calvariae
with IL-1a (107'° M) under anaerobic conditions. In these
circumstances, IL-1a did not stimulate bone resorption
(treated/control ratios of *°Ca release for aerobic cultures
1.45+0.08; anaerobic cultures (1.04+0.05). The bones incu-
bated with control media under anaerobic conditions showed
identical resorption to bones incubated with control media
under aerobic conditions. These data suggest that IL-1 requires
aerobic conditions to stimulate bone resorption.

After calvarial bone cultures were stimulated to resorb with

A
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Figure 3. Effects of oxygen-derived free radical
generation by xanthine oxidase/xanthine (50
mU/0.25 umol) on cultures of neonatal mouse
calvariae (4) and bones incubated with control
media (B). Calcified bone matrix is being re-
sorbed by multinucleated osteoclasts in a bone
treated with xanthine oxidase/xanthine. (De-
calcified sections stained with hematoxylin
and eosin, X312.)



Table I. Effects of Radical Generation on Morphological Indices
of Bone Resorption in Organ Cultures of Neonatal Mouse
Calvariae (Experiment 1) and after Local Injection of Xanthine
(0.25 umol) and Xanthine Oxidase (50 mU) over the Scalp

of Neonatal Mice In Vivo (Experiment 2). Four Mice

Were Injected in Each Treatment Group in Experiment 2.

Osteoclasts/mm?
calcified bone Total resorption
area surface Base area
% mm? X 1073
Exp. 1 (In vitro)
Control media 10+6 7+3 63+4
Control + SOD 0+0 0.5+.5* 66+2
X/XO 120+£30* 41+2% 45+4*
X/XO0 + SOD 4316 15+2 58+5
PTH 158+56* 40+1* 31+3*
PTH + SOD 40+8 12+1 61+4
IL-la 101+£33* 30+3* 51+4
Exp. 2 (In vivo)
Saline 5+1 0.5+.5 432427
X/XO 43+7* 20+4* 369+19

* Significantly > control, P < 0.05. Statistical differences in Experi-
ment 1 were calculated using Student-Newman-Keuls test, since
these data were pooled. Statistical differences in Experiment 2 were
calculated using Student’s ¢ test.

Bovine PTH 1-34 (Bachem Corp., Torrence, CA) was used at a con-
centration of 50 ng/ml. Recombinant human IL-1a (Hoffmann-La
Roche, Nutley, NJ) was used at a concentration of 10~'° M. Super-
oxide dismutase (SOD) was used at a concentration of 6 uM.

IL-1 for 48 h, the surfaces were examined using the inverted
microscope at low power (X5) after staining with NBT. Large
NBT-positive cells were seen adjacent to areas of resorption
(Fig. 6 4). NBT-positive cells were also seen in calvariae incu-
bated with PTH, 1,25 dihydroxyvitamin D; and TNF (results
not shown). In calvariae treated with media alone, NBT-posi-
tive cells were so few as to be difficult to detect (Fig. 6 B).

We then counted the NBT-positive cells/mm? in these cal-
variae. The number of positively staining multinucleated cells
was increased in IL-1-treated calvariae to 38.6+6.9 NBT-posi-
tive cells/mm?, compared with 1.6+0.5 NBT-positive cells in
calvariae treated in control media. When these resorbing bone
cultures were also treated with calcitonin (5 U/ml), which in-
hibits osteoclastic bone resorption, substantially reduced num-
bers of NBT-positive cells were detected (Fig. 7).

When we examined these sections histologically, we con-
firmed that the large NBT-positive cells that we saw in resorb-

Figure 4. Effects of bo-
vine superoxide dismu-
tase (6 uM) and catalase
(6 pM) on bone resorp-
tion in neonatal mouse
calvariae stimulated by
parathyroid hormone
(50 ng/ml), IL-1« (0.1
nM) and tumor ne-
crosis factor (1 nM).
Bone resorbing activity is measured as treated-to-control ratios of
45Ca release. **Significantly < osteotropic factor alone, P

< 0.001. *Significantly < osteotropic factor alone, P < 0.05.
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Figure 5. Effects of re-
combinant human su-
peroxide dismutase (6
©M) on bone resorption
in neonatal mouse cal-
varial organ cultures
stimulated by recombi-
nant human IL-1« (0.1
nM). Bone resorbing
activity is measured as
treated-to-control ratios of *°Ca release. *Significantly < IL-1 alone,
P <0.05.
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ing calvariae using the inverted microscope were osteoclasts
associated with resorption lacunae (Fig. 8). The number of
NBT-positive cells lying on the intersect lines in the Zeiss II
integrating eyepiece graticule was similar to the number of
NBT-positive osteoclasts counted in histological sections of
the same calvariae (Fig. 8). Few osteoclasts and no NBT-posi-
tive cells were seen in the control bones at this time. Histologi-
cal sections of the calvariae treated with IL-1 showed that 43%
of the total osteoclasts stained positively with NBT after 48 h.
However, there were also a number of NBT-negative multinu-
cleated cells that were associated with resorption lacunae.

Although freshly isolated chicken osteoclasts reduced NBT
when adherent to plastic tissue culture dishes, the number and
staining intensity of these cells were markedly increased when
they were incubated with bone particles for 24 h (Fig. 9).

When isolated avian osteoclasts were incubated with ferri-
cytochrome ¢, 10.4+2.1 nmol/well per 24 h of superoxide
anion were produced. This could be enhanced by vitamin A (1
uM) (18.0+1.2 nmol/well per 24 h), and this increase in ferri-
cytochrome c reduction was completely inhibited by superox-
ide dismutase (6 uM).

Discussion

These data indicate that when free oxygen radicals were gener-
ated in the bone environment, osteoclasts were formed, and
bone resorption occurred. In addition, they show that the gen-
eration of oxygen-derived free radicals was associated with os-
teoclastic bone resorption stimulated by PTH, IL-1, and TNF.
These results were found not only in organ cultures of fetal rat
long bones and mouse calvariae, but also in vivo when oxygen
radicals were generated adjacent to periosteal bone surfaces.
The demonstration that the effects were inhibited by superox-
ide dismutase, but not by catalase, suggests that the superoxide
anion was involved in the resorption of bone that occurred
when osteoclasts were stimulated by factors such as PTH, IL-1,
and TNF.

NBT is a useful marker that is reduced to a blue insoluble
formazan by free radical intermediates. It has been widely used
to investigate radical production by activated monocytes and
macrophages (13-16). Our results show that osteoclasts have
the capacity to reduce NBT, and suggest that osteoclasts are
the cells in bone in which radical generation occurs when ex-
posed to bone resorbing hormones or to bone particles. How-
ever, even in bone cultures that were resorbing actively, we
found that only 43% of the osteoclasts stained positively for
NBT. Why some osteoclasts do not stain with NBT is unclear.
One possible explanation is that radical accumulation is a
transitory event in the process of osteoclast activation and
reflects activity at only one point in time. Thus, the osteoclasts
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that do not stain positively with NBT may be inactive or have
ceased active resorption.

Although the osteoclast has long been recognized as the cell
responsible for bone resorption, the mechanisms by which it
carries out this function are not fully understood. Recently, it
has been suggested that isolated osteoclasts contain superoxide
dismutase and produce oxygen radicals in response to hor-
mones (17). Mononuclear phagocytes are capable of consum-
ing and metabolizing oxygen to generate a large array of reac-
tive intermediates capable of inducing cell tissue damage (18).
This raises the possibility that the osteoclast may use similar
mechanisms in the resorption of bone. The hypothesis that
osteoclasts could also cause bone degradation by this process is
based on the knowledge that the precursor for the osteoclast
probably arises from a colony-forming unit of the granulo-
cyte-macrophage family (CFU-GM), as do cells in the mono-
cyte-macrophage family. Although there have been no reports
of the effects of free radicals on the osteoclastic bone resorp-
tion process, preliminary evidence from Fallon et al. (17) sug-

636  Garrett, Boyce, Oreffo, Bonewald, Poser, and Mundy

Figure 6. (4) Low power (5X) view through
inverted microscope of calvarial organ cultures
incubated for 48 h with recombinant human
IL-1a and stained with NBT. Discrete resorp-
tion areas are present throughout the surface.
Large cells staining positively with NBT were
present in the resorption areas. (B) Control
cultures for those in 4. Low power (5X) view
through inverted microscope of calvarial organ
cultures incubated for 48 h with control media
and stained with NBT.

gests that isolated osteoclasts are capable of producing measur-
able levels of oxygen-derived free radicals and that these cells
contain superoxide dismutase. Our results using NBT staining
and ferricytochrome ¢ reduction confirmed those observa-
tions. Moreover, work by Stock et al. (19) has shown that
chemiluminescence by human monocytes is modulated by
calcium-regulating hormones. Since a number of cells produce
oxygen radicals in response to certain monokines and lym-
phokines that also have the capacity of stimulating bone re-
sorption in vitro (20, 21), production of free radicals in the
bone microenvironment by these factors may be important in
the resorption process.

The relationship between active osteoclastic resorption and
radical accumulation was confirmed by our studies with calci-
tonin. We found that calcitonin, which is a selective inhibitor
of osteoclast function (22), markedly decreased the number of
NBT-positive osteoclasts present in resorbing mouse calvariae.
This close relationship between the resorbing osteoclasts and
staining with NBT confirms a relationship between oxygen
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Figure 7. Effects of IL-1 and salmon calcitonin (5 U/ml) on numbers
of NBT-positive cells in neonatal mouse calvariae after 48 h of organ
culture. *Significantly < bones treated with osteotropic factor alone,
P < 0.05.

radicals and active osteoclastic bone resorption. We did not
test the effects of calcitonin on isolated mature avian osteo-
clasts because these cells do not respond reproducibly to calci-
tonin.

There are several stages in the process of osteoclastic bone
resorption at which oxygen-derived free radicals may have an
important effect. They could be involved in the degradation of
bone matrix under the ruffled border of the osteoclasts. Since
free radicals play an important role in many degradative pro-
cesses, it is attractive to postulate that extracellular tissue com-
ponents (e.g., bone structural molecules such as collagen and
hyaluronic acid) are susceptible to cell-mediated free radical
damage. However, our data indicate that the role of oxygen-
derived free radicals in the process of bone resorption is more
complex than this. Since we clearly found an increase in os-
teoclast numbers and activity when free radicals were gener-
ated (Fig. 3, Table I), and that calcitonin inhibited bone re-

sorption stimulated by radical generation (Fig. 2), our conclu-
sion is that oxygen-derived free radicals are involved in the
complex cellular events involved in formation and activation
of the osteoclast itself. This would not be the only situation
where reactive oxygen intermediates cause cellular responses.
The multiplicity of cellular effects caused by oxygen-derived
free radicals have been reviewed extensively (2). Since the mo-
lecular events involved in the activation of osteoclasts are
complex and poorly understood, but apparently involve sev-
eral cell types and both primary and secondary signals, the
results that we report here have important implications for the
resorption of bone that occurs in all physiologic and pathologic
states.

It is possible that the generation of oxygen-derived free
radicals may be particularly important in the bone resorption
that occurs in association with inflammatory diseases. Oxy-
gen-derived species are produced by activated phagocytes in-
cluding monocytes, macrophages and neutrophils (23, 24),
and since these cells accumulate adjacent to bone surfaces in
chronic inflammatory diseases, radical production by these
cells could be responsible for stimulating osteoclast for forma-
tion or activation to resorb bone, or even directly enhancing
matrix degradation. Chronic inflammatory diseases such as
rheumatoid arthritis, periodontal disease and cholesteatoma
are associated with collections of chronic inflammatory cells
occurring adjacent to bone with subsequent bone destruction.
If this turns out to be one of the mechanisms by which bone is
destroyed in these circumstances, then drugs that inhibit radi-
cal production or scavenge free radicals may be useful thera-
peutic agents for this type of local bone destruction.

Since the 1950s the generation of free radicals has been
implicated in the aging process (25). Age-related changes seen
at organ, tissue, and cell levels have focused attention on ex-
amining molecular mechanisms that could be responsible. The
generation of free radicals has been linked particularly to the
age-pigment accumulation and cell loss, which occurs in age-
related diseases such as cancer and atherosclerosis, and to age-
related changes that occur in the brain, the retina, and the skin
(26). Since it is well recognized that bone cell function changes
with aging, the generation of oxygen-derived free radicals

Figure 8. Histologic section through calvarial
organ culture after incubation for 48 h with
recombinant human IL-1a and stained with
hematoxylin and eosin and NBT. NBT stain-
ing can be seen in an osteoclast in the center
of the section. NBT staining was present only
in osteoclasts. More than 40% of the osteo-
clasts in these bones stained positively with
NBT.
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could conceivably be responsible for some of the changes ob-
served in senescent bone cells.

The mechanisms by which oxygen-derived free radicals are
responsible for formation and activation of osteoclasts requires
further study. The tools are now available for studying the
effects of agents not only on osteoclastic bone resorption but
on steps involved in the formation and activation of osteo-
clasts by using long-term culture techniques (27) or by using
isolated osteoclasts (28). It remains to be determined how radi-
cals are responsible for the generation of new osteoclasts, and
whether radicals are involved in direct activation of osteo-
clasts.
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