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ABSTRACT Osteopontin is one of the major noncollag-
enous bone matrix proteins produced by osteoblasts and
osteoclasts, bone cells that are uniquely responsible for the
remodeling of mineralized tissues. Osteoclasts express the
avb3 integrin, which is one of the receptors for osteopontin.
Recent knockout studies revealed that noncollagenous bone
matrix proteins are functionally important in regulation of
bone metabolism. However, the significance of the presence of
osteopontin in in vivo has not been known. We report here that
osteopontin knockout mice are resistant to ovariectomy-
induced bone resorption compared with wild-type mice. Mi-
crocomputed tomography analysis indicated about 60% re-
duction in bone volume by ovariectomy in wild-type mice,
whereas the osteopontin-deficient mice exhibited only about
10% reduction in trabecular bone volume after ovariectomy.
Reduction in uterine weight was observed similarly in both
wild-type and osteopontin-deficient mice, indicating the spec-
ificity of the effect of osteopontin deficiency on bone metab-
olism. We propose that osteopontin is essential for postmeno-
pausal osteoporosis in women. Strategies to counteract os-
teopontin’s action may prove effective in suppressing
osteoporosis.

Postmenopausal osteoporosis (1–4) is one of the most com-
mon diseases affecting aged women. It is a major health
problem with regard to not only the high fracture rates and loss
of quality of life of women but also the economic loss to
society. In Japan and the United States, the number of patients
is estimated to be approximately 5% of the population. It is
well established that withdrawal of estrogen causes loss of bone
mineral because of an increase in osteoclastic bone resorption,
and that supplementation with estrogen can reduce bone loss
not only in humans but also in animal models.

One of the critical steps in osteoclastic bone resorption is the
attachment of osteoclasts to bone and the subsequent forma-
tion of a sealing zone, which can be visualized as a clear zone
by electron microscopy (5–8). This attachment is a prerequisite
for bone resorption because it creates a sequestered microen-
vironment into which osteoclasts secrete protons, creating an
acidic milieu suitable for the dissolution of bone mineral.
Osteoclasts also secrete proteases into this sealed environment
to digest collagen and other bone proteins.

Integrins are dimeric cell-surface receptors that function in
development of osteoclasts in the migration of osteoclasts to
sites of resorption and in the attachment of osteoclasts to bone
and the formation of the sealing zone (9). One of the char-
acteristics of osteoclasts is the high level of the avb3 integrin
on the cell surface (10, 11). The functional importance of
integrins has been indirectly suggested by the inhibitory effects
of disintegrins, such as echistatin, which are RGD containing
avb3 integrin peptide antagonists. These peptides have been

shown to block osteoclast development, osteoclast attachment,
and subsequent bone resorption in vitro. Importantly, these
disintegrins also block bone resorption in vivo (12–16). These
observations indicate that integrins play a critical role in bone
resorption.

Osteopontin (OPN), which is produced by osteoblasts and
osteoclasts, is one of the more abundant noncollagenous
proteins in bone matrix (17, 18). It is also produced by the cells
in nonskeletal tissues and has been implicated in tumorigenesis
(17, 18). Substrate-bound OPN promotes attachment of oste-
oclasts (19, 20), whereas soluble OPN can alter calcium levels
in osteoclasts (21, 22), suppress inducible nitric-oxide synthase
induction in kidney cells, and macrophages and serve as a
chemoattractant (17, 18, 23). These observations suggest that
OPN may play a key role both in cell attachment and in
controlling subsequent bone cell functions such as resorption.
OPN is present at high levels in bone, with particularly high
concentrations found in cement (renewal) lines and the lamina
limitans (24, 25). OPN contains GRGD sequence motif and
binds to integrins, especially to avb3 subtype. However, the
role of OPN in vivo in bone metabolism has not yet been
elucidated.

Recently, Rittling et al. (26) and Liaw et al. (27) used
homologous recombination in mouse embryonic stem cells to
create mouse lines that are null for OPN. These mice mature
normally with apparently unaltered development of tissues and
organs. The OPN-deficient (OPN2/2) mice exhibit normal
skeletal sizes, and the skeletal patterning is largely indistin-
guishable from that of control mice. They are fertile and give
birth to litters of normal size.

Bone resorption after ovariectomy is a model of postmeno-
pausal osteoporosis. To examine the role of OPN in this
process, we removed the ovaries of OPN2/2 mice and com-
pared the structure of the bones to those of comparable
ovariectomized wild-type mice. Our results indicate that OPN
deficiency makes the animal resistant to the bone loss induced
by ovariectomy.

MATERIALS AND METHODS

Animals. OPN2/2 mice were created as described in Rittling
et al. (26), in a 129ySV 3 C57BLy6 F2 background. Wild-type
and OPN2/2 mice derived from the original heterozygous
crosses were maintained as separate colonies.

Ovariectomy. OPN2/2 mice or wild-type animals (4.5–6
months old) were ovariectomized or sham-operated, and all
were sacrificed by overdosing of anesthetics 4 weeks after
surgery. All the animals were injected with calcein at 4 mgykg
and xylenol orange at 100 mgykg 4 and 2 days before sacrifice,
respectively, to obtain dynamic parameters for bone forma-
tion. Uteri of all the animals were excised and were weighed
to evaluate the effects of ovariectomy.
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Histological Preparations. Tibiae and femora were fixed in
4% paraformaldehyde and were subsequently decalcified at
4°C in 10% EDTA for 2 weeks. The bones were dehydrated in
gradients of alcohol (70% to 100%) followed by xylene and
then embedded in paraffin. Serial 6-mm sections were made
and stained either according to the Masson-trichrome method
or for tartrate-resistant acid phosphatase (TRAP). Histolog-
ical specimens were examined under the light microscope.
TRAP-positive cells were counted within an area of 0.25 mm2

in the epiphyseal regions. Histomorphometry using undecal-
cified sections stained according to the Masson-trichrome
method was conducted in the proximal epiphyseal regions of
tibiae in an area of 0.2 mm2, 0.4 mm away from the growth
plate, by using an image analyzer equipped with software
(System Supply, Nagano, Japan).

Microcomputed Tomography (mCT). Fixed bones were sub-
jected to x-ray microtomography by using a microcomputed–
tomography apparatus(Nittetsu Elex, Osaka). The apparatus
consists of a microfocus sealed x-ray tube. Slices were made
with a thickness of 20 mm in the midsaggital planes of the
bones. The image data were subsequently quantified by using
an automated image analysis system (Nireco, Tokyo). Quan-
tification of the bone volume was made in the area of 0.32 mm2,
0.1–0.4 mm distal to the growth plate of the proximal ends of
tibiae.

Statistical Analyses. The data were evaluated for statistical
significance by using Fisher’s test.

RESULTS

OPN2/2 and wild-type (OPN 1/1) mice, 4.5–6 months old,
were ovariectomized, whereas control animals were subjected
to sham surgeries. To evaluate the systemic effects of ovari-
ectomy on these animals, uteri were removed at 4 weeks after
surgery and their weights determined. The results (Table 1)
establish that the effect of ovariectomy was similar in both the
OPN2/2 and wild-type mice, with a reduction in uterine weight
of 25–30% observed in both cases, as compared with the
sham-operated controls. The total body weights of the animals
in all groups were similar (data not shown). These results
confirm that the uterine response to decreased estrogen levels
was unaffected by a lack of OPN.

Simple x-ray examination of the bones of these animals
revealed, as expected, reduced radiopacity in the epiphyses of
the tibiae in ovariectomized wild-type mice (Fig. 1A), as
compared with the sham-operated controls (Fig. 1B). This
reduced radiopacity in the wild-type animals was observed
mainly in the epiphyseal and metaphyseal bone areas. Ovari-
ectomy did not reduce the radiopacity in the corresponding
regions of the tibiae in the OPN2/2 mice (Fig. 1C) nearly as
much as it did in the ovariectomized wild-type mice; the
radiopacity remained at the level of the sham-operated con-
trols (Fig. 1D).

The morphology of the trabecular bone in the proximal
epiphyses of the tibiae was examined in the midsaggital planes
by using mCT as shown in Fig. 2. The exact planes of the
tomographic slices used for mCT are indicated as straight lines

in the corresponding panels in Fig. 1. In these midsaggital
tomographic sections, the trabecular bones of the ovariecto-
mized wild-type mice were sparse (Fig. 2 A) compared with
sham-operated wild type (Fig. 2B). The most striking feature
in the OPN2/2 mice was the similar morphology of the
trabecular bones between the ovariectomized (Fig. 2C) and
sham-operated animals (Fig. 2D). In addition, the trabecular
bones were longer and more connected in the sham-operated
OPN2y2 mice (Fig. 2D), compared with the trabecular bones
in sham-operated wild-type mice (Fig. 2B).

Quantification of the two-dimensional trabecular bone vol-
ume in the tibiae shown in Fig. 2 by using an automated image
analyzer indicated that the bone volume of the wild-type mice,
expressed as bone area per tissue area, was significantly
reduced at 4 weeks after ovariectomy, as compared with the
sham-operated wild-type animals (58% reduction, P , 0.05;
Table 2). A slight reduction in bone volume was observed at
4 weeks in the ovariectomized OPN mice compared with the
sham-operated mice (12%; Table 2), but this difference was
not significant. Unexpectedly, the quantification revealed an
approximate 2-fold greater trabecular bone volume in the
sham-operated OPN mice compared with the sham-operated
wild-type mice.

Histomorphometrical analysis of these trabecular bones
confirmed the results of the mCT, demonstrating a large
reduction in bone volume after ovariectomy in the wild-type
mice, but only a slight nonsignificant reduction in the OPN
mice. Thus, in wild-type animals, trabecular bone volume was

FIG. 1. Simple x-ray pictures of the tibiae. Wild-type (WT) (A and
B) or OPN2/2 (KO) (C and D) mice were either ovariectomized
(OVX, A and C) or sham-operated (SHAM, B and D). X-ray pictures
were taken after dissection of the tibiae. Arrowheads indicate the ends
of trabecular bones.

FIG. 2. mCT analysis of the tibiae of mice. Wild-type (WT) (A and
B) or OPN2/2 (KO) (C and D) mice were either ovariectomized
(OVX, A and C) or sham-operated (SHAM, B and D). Four weeks
postoperatively, mCT pictures of the tibiae were taken in the midsag-
gital planes as indicated by solid white lines in Fig. 1 A–D, by using mCT
Musashi (Nittetsu Elex ).

Table 1. Uterine weight of control and ovariectomized mice

Mice

Uterine weight, g

Mean SD

Wild type; ovariectomized 0.026* 0.006
Wild type; sham operated 0.081 0.021
Osteopontin deficient; ovariectomized 0.024* 0.008
Osteopontin deficient; sham operated 0.105 0.039

n 5 4 in all cases.
*Difference between the ovariectomized and sham-operated animals

is statistically significant (P , 0.05).

Medical Sciences: Yoshitake et al. Proc. Natl. Acad. Sci. USA 96 (1999) 8157



decreased by 58% (P , 0.05; Table 3, Fig. 3) after ovariectomy,
but only by 32% (not significant; Table 3, Fig. 3)in the OPN2/2

mice. Mineral apposition rate was similar among the four
experimental groups (Table 3). Bone formation rate was
increased by 73% (P , 0.05; Table 3) after ovariectomy in
wild-type animals, as expected; the 27% increase observed in
the OPN2/2 mice was again not significant. Also, the bone
formation rate was not affected by OPN status in sham-
operated animals (606 vs. 600 mm3ymm2yday for OPN2/2 and
wild type, respectively; Table 3). These results confirm the
resistance of the OPN2/2 mice to bone resorption after
ovariectomy.

The number of TRAP-positive cells in the bones of wild-
type animals was increased about 3-fold after ovariectomy,
compared with sham-operated animals (Fig. 4), consistent
with the increased bone resorption that occurs because of
ovariectomy in wild-type mice. In sharp contrast, ovariectomy
did not significantly increase the number of osteoclasts in
OPN2y2 mice, which interestingly was about 3-fold higher than
in wild-type mice (Fig. 4). These results are consistent with the
increased osteoclast development in vitro that we reported
previously (26).

DISCUSSION

Mice Are Resistant to Ovariectomy-Induced Bone Loss in
the Absence of OPN. We report here that in the absence of
OPN, mice are resistant to the bone loss that accompanies
estrogen depletion subsequent to ovariectomy. Quantification
of two-dimensional mCT (Table 2) and conventional histo-
morphometry (Table 3), as well as radiographical density
investigations (Fig. 1) and also a three-dimensional mCT
morphology study (data not shown) of the trabecular bones of
the tibia of ovariectomized OPN2/2 mice revealed that the
bones of the ovariectomized OPN2/2 animals did not differ
significantly in mineral content from those of sham-operated
OPN2/2 mice. In contrast, the OPN1/1 mice exhibited the

expected bone loss, with bone volume decreasing by about 60%
4 weeks after ovariectomy. These observations clearly indi-
cated that OPN is required for the rapid bone loss induced by
estrogen depletion caused by ovariectomy.

In wild-type mice, ovariectomy-induced bone loss was as-
sociated with an increase in bone formation (Table 3), indi-
cating the presence of a high turnover state, as previously
described. In contrast, in OPN2/2 mice, resistance to ovariec-
tomy-induced bone loss was associated with no increase in
bone formation, indicating the absence of the high bone
turnover state even after estrogen depletion (Table 3).

In the presence of physiological estrogen levels, the skeletal
structure of the OPN2/2 mice was normal (26), although we
show here that trabecular bone volume is higher in OPN2/2

mice than wild type. We have also recently observed resistance
to bone loss in the OPN mice under other conditions, specif-
ically, (i) after bone marrow ablation, and (ii) after interleukin
1 injection into the knee joint (H.Y. and M.N., unpublished
data; Y. Takazawa and M.N., unpublished data). Taken to-
gether, these data argue that in the absence of OPN, bone loss
is impaired in these mice. As mentioned above, our experi-
ments revealed that sham-operated OPN2/2 mice had a higher
bone volume than sham-operated OPN1/1 mice at the age of
4–6 months. However, such a difference was not noticeable at
2 months, as we previously reported (26). These observations
suggest an age-dependent phenomenon in the amount of
trabecular bones in OPN2/2 mice. The reasons for this age
dependence of the trabecular bone volume remain to be
elucidated.

FIG. 3. Histology of the tibiae of the mice. Wild-type (WT) (A and
B) or OPN2/2 (KO) (C and D) mice were either ovariectomized
(OVX) (A and C) or sham-operated (SHAM) (B and D). Tibiae of the
mice were subjected to undecalcified histological preparation. Sections
were made in the saggital planes of the tibiae and stained according
to the Masson-trichrome method.

Table 2. mCT-based quantification of the trabecular bone volume
of sham-operated and ovariectomized mice

Mice

Bone volume, %

Mean SD

Wild type; ovariectomized 2.59* 0.62
Wild type; sham operated 6.16 0.54
Osteopontin deficient; ovariectomized 13.88 2.07
Osteopontin deficient; sham operated 15.80 2.34

n 5 4 in all cases.
*Difference between the ovariectomized and sham-operated animals

is statistically significant (P , 0.05).

Table 3. Histomorphometry-based parameters observed in sham-operated and ovariectomized mice

Parameters Mice Mean SD

BVyTV, % Wild type: ovariectomized 3.35* 1.75
Wild type: sham operated 7.94 3.51
Osteopontin deficient: ovariectomized 7.28 2.03
Osteopontin deficient: sham operated 10.58 2.90

MAR, mmyday Wild type: ovariectomized 3.00 0.15
Wild type: sham operated 2.72 0.73
Osteopontin deficient: ovariectomized 3.03 0.15
Osteopontin deficient: sham operated 3.04 0.73

BFRyBV, mm3ymm2yday Wild type: ovariectomized 1042* 388
Wild type: sham operated 600 284
Osteopontin deficient: ovariectomized 774 165
Osteopontin deficient: sham operated 606 260

BVyTV, bone volumeytissue volume; MAR, mineral apposition rate; BFRyBV, bone formation
rateybone volume; n 5 4 in all cases.
*Difference between the ovariectomized wild type and sham-operated wild type is statistically significant

(P , 0.05).

8158 Medical Sciences: Yoshitake et al. Proc. Natl. Acad. Sci. USA 96 (1999)



In OPN2/2 mice, the resistance to bone loss induced by
ovariectomy was observed while histomorphometric evidence
indicated that bone formation was normal in the OPN2/2

animals (Table 3). These findings suggest, though do not prove,
that the bone resorptive activity of the osteoclasts in the
OPN2/2 animals could be impaired. In fact, experiments using
forearm bones of embryonic mice (either wild-type or OPN2/2

mice) organ cultured in the presence or the absence of
parathyroid hormone (PTH) indicated that PTH increased
bone resorption in wild-type bones but not in OPN2/2 mice
bones (H. Ihara and M.N., data not shown). This suggests an
impairment of osteoclastic function in the bones of OPN2/2

mice.
Enhanced Osteoclastogenesis in the Absence of OPN. Our

data reveal that bone loss is impaired in the combined absence
of OPN and estrogen and that in the control sham-operated
OPN2/2 mice, trabecular bone volume is higher than in
wild-type mice, despite the increased number of osteoclasts.
One interpretation of this result is the possible existence of
impairment in osteoclast function and the presence of a
feedback loop that could sense reduced osteoclast function and
could up-regulate osteoclast differentiation andyor recruit-
ment. In fact, similar combination of the resistance to bone loss
in association with an increase in osteoclast number has been
observed in the bones of bisphosphonate-treated animals (28).
The enhanced number of osteoclasts in OPN2/2 mice may
result from an increase in a population of osteoclast precur-
sors. This is suggested by our observation in vitro that several-
fold more osteoclasts are generated in coculture systems by
using spleen or marrow of OPN2/2 mice compared with
OPN1/1 mice (26).

The recent discovery of tumor necrosis factor (TNF) family
members and their ligands OPGyOCIF, RANKLyOPGLy
ODFyTRANCE, and ODFRyRANKyTRANCER (29–32),
acting in concert to regulate osteoclast formation and function,
has revolutionized the field of osteoclast biology. Our results
with the OPN mice may shed light on how this system
functions. One possible mechanism for the increased oste-
oclast generation in OPN2/2 mice could be increased produc-
tion of receptor activator of NFkB ligand (RANKL)y
osteoclast differentiation factor (ODF) or decreased produc-
tion of osteoprotegerin (OPG) by the stromal cells in these
cocultures. As we reported, increased osteoclastogenesis by
OPN2/2 spleen cells is supported by wild-type stromal cells.
Also, we have observed that RANKLyTNF-related activation
induced cytokine (TRANCE)yODF mRNA levels, as well as
those for the receptor for this factor [RANKyODF receptor
(ODFRyTRANCER], are elevated OPN2/2 vertebral mRNA

(K. Tsuji and M.N., data not shown). Together, these obser-
vations suggest that the enhanced osteoclastogenesis in the
OPN2/2 mice occurs at an early stage of osteoclast differen-
tiation, implicating these molecules in the proposed feedback
mechanism.

How this mechanism senses decreased bone loss and the
details of how the mechanism functions to increase osteoclast
numbers are clearly important questions to be answered by
future research. In spite of our observation (unpublished data)
that calcium levels are normal in the OPN2/2 mice, parathy-
roid hormone is probably involved as well as RANKLy
TRANCEyODF andyor its receptor.

Despite the increased osteoclast numbers observed in the
absence of OPN in both in vitro cocultures and the sham-
operated animals, estrogen deficiency fails to induce a further
increase in osteoclast numbers in the OPN2/2 mice. Although
this observation may account for some of the resistance of
these animals to ovariectomy-induced bone loss, the reason for
this failure is unclear. It may be that in the face of already
elevated osteoclast numbers in the estrogen-sufficient animals,
a further increase is held in check by additional regulatory
mechanisms, perhaps involving osteoprotegerin.

Is this feedback mechanism generally used in situations in
which osteoclast function is impaired? That such a mechanism
may be widely used is suggested by the observation that in
other gene knockout models in which osteoclast function is
impaired, osteoclast numbers are also elevated. In src2/2 mice,
osteoclast numbers in trabecular bone are elevated about
4-fold (33, 34), and a 3-fold increase in osteoclast numbers has
been reported in b3 integrin knockout mice (35). Also in-
creased osteoclast numbers were reported in a cathepsin K
knockout model (36). These data are suggestive of a general-
ized mechanism acting to limit osteopetrosis by increasing
osteoclast numbers when osteoclast activity is reduced.
Clearly, such a mechanism would not be operative in osteo-
petrosis observed in mice lacking fos (37) or macrophage
colony-stimulating factor (38), syndromes in which osteope-
trosis results from decreased numbers of osteoclasts rather
than impaired function of these cells.

Role of OPN. Various studies have implicated IL-1, TNF,
and IL-6 in bone resorption resulting from estrogen deficiency.
Inhibition of TNF activity, either alone or in combination with
IL-1 antagonists results in resistance to bone loss induced by
ovariectomy (39–42). Mice lacking IL-6 are similarly unable to
resorb bone after ovariectomy (43), although the role of IL-6
in this process remains controversial (44, 45). Our results are
consistent with a role for OPN either upstream or downstream
of these cytokines in the pathway regulating osteoclast function
in the absence of estrogen. These cytokines are thought to act
to regulate osteoclast development, and they have been shown
to regulate OPN expression, at least in vitro (17, 18). Thus the
role of OPN in ovariectomy-induced bone resorption may be
downstream of these cytokines.

The reduced bone loss we have observed may be related to
a requirement for efficient signaling through the avb3 integrin
for optimal osteoclast function. OPN is a high-affinity ligand
for this integrin (18), and we speculate this high-affinity
interaction between OPN and the avb3 integrin is required for
maximal bone resorption activity by osteoclasts. In the absence
of OPN, osteoclasts can interact with other avb3 ligands
present in bone, such as BSP (bone sialoprotein), but the lower
affinity of these interactions may result in less efficient oste-
oclast function.

In summary, we have demonstrated that OPN2/2 129ySV 3
C57BLy6 mice are resistant to bone loss induced by ovariec-
tomy. A similar resistance to ovariectomy-induced osteopenia
was also observed in an inbred 129ySV background (data not
shown). Whether OPN is required for human postmenopausal
osteoporosis will require further investigation. We are not
aware of information regarding OPN deficiency in humans, but

FIG. 4. Quantification of TRAP-positive cells attached to the bone
surface. Wild-type (wt) or OPN2/2 (KO) mice were ovariectomized
(ovx) or sham-operated (sham). Four weeks postoperatively, tibiae
were excised, and histological sections were stained for TRAP activity.
TRAP-positive multinucleated cells within the epiphyseal regions
were counted.
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such individuals might be expected to show moderate resis-
tance to postmenopausal osteoporosis. Genetic analysis of
OPN gene polymorphisms may predict certain patients who
could have high or low risk of postmenopausal bone loss. If
OPN does play a role in human postmenopausal osteoporosis,
new approaches would be available for the development of
anti-bone-resorptive drugs, particularly those designed to sup-
press the action of OPN.
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