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Abstract: Sintered dicalcium pyrophosphate (SDCP), a
synthetic compound, has proved to be both bioabsorbable
and biocompatible in vivo. Recent work in our institute also
has demonstrated that the ingestion of SDCP can increase
bone mass in the ovariectomized rat. In this study, we used
an in vitro cell culture model to investigate the ultrastruc-
tural changes and fate of osteoclasts induced by SDCP.
Quantitative evaluation of osteoblasts and osteoclasts after
administration of SDCP was performed. We studied immu-
nohistochemical and ultrastructural features of osteoclasts
undergoing apoptosis. The results showed that at 10−4 M
SDCP, the osteoblast cell count increased significantly,
whereas the osteoclast population decreased significantly.
Apoptosis of the osteoclast population was well demon-
strated by immunohistochemical study. Ultrastructural

study showed that the Golgi apparatus was degraded or
dispersed in the cytoplasm. Later, osteoclasts revealed pyk-
notic nuclei showing condensation and margination of het-
erochromatins and DNA fragmentation, which are typical
features of apoptosis. In addition, disruption of nuclear en-
velopes leading to leakage of nuclear contents into the
cytoplasm was observed in the late stage of apoptosis. In
conclusion, SDCP-induced apoptosis of osteoclasts was
characterized by ultrastructural changes of the nucleus ac-
companied by degradation of cellular organelles. © 2003
Wiley Periodicals, Inc. J Biomed Mater Res 64A: 616–621,
2003
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INTRODUCTION

Osteoporosis, a major health care problem of aging
populations, is characterized by an increase in bone
resorption relative to bone formation.1 The progres-
sive decrease in bone mass leads to increased suscep-
tibility to fractures, resulting in substantial morbidity
and mortality.2 Although there are several risk factors
for fractures, reduced bone mineral density is the
strongest predictor.3 Thus, the ultimate goal of phar-
macologic treatment in osteoporosis is to reduce the
risk of fractures by increasing bone mass of normal
quality.

Osteoclasts play a key role in bone resorption and
remodeling in conjunction with osteoblasts. Multinu-
cleated osteoclasts are derived from mononuclear pre-

osteoclasts via cell fusion. Although the formation of
osteoclasts has been well documented by many inves-
tigators,4,5 it is rare to find dying osteoclasts in normal
conditions. Hughes et al. demonstrated that an injec-
tion of bisphosphonates efficiently causes apoptosis of
osteoclasts.6 Bisphosphonates are synthetic pyrophos-
phate analogs that can inhibit osteoclastic bone resorp-
tion.7–9 They are effective for the treatment of humoral
hypercalcemia of malignancies, local osteolytic hyper-
calcemia, Paget’s disease, and osteoporosis.7,10,11 Bis-
phosphonates bind tightly to calcified bone matrix,
then inhibit the differentiation of osteoclasts12 and os-
teoclastic bone resorption mediated by osteoblasts,13

or the activity of macrophage.14 Later, apoptosis of
osteoclasts induced by bisphosphonate was demon-
strated by Ito et al.15

In vivo, sintered dicalcium phyrphosphate (SDCP), a
synthetic compound, has proven to be quite biocom-
patible to bone tissue.16 In vitro, SDCP has proven to
be more biocompatible than hydroxyapatite.17 As a
pyrophosphate analog, SDCP should be useful in
clinical settings characterized by abnormal bone re-
sorption, such as osteoporosis.18 Recent work in our
institute demonstrated that the ingestion of either bis-
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phosphonate or SDCP decreases the bony porosity
and increases bone mineral contents in the long bones
of ovariectomized rats.19 In this study, we used an in
vitro cell culture model to investigate ultrastructural
changes and the fate of osteoclasts undergoing apo-
ptosis induced by SDCP.

MATERIALS AND METHODS

Preparation of sintered �-dicalcium
pyrophosphate solutions

The powder of sintered �-dicalcium pyrophosphate (�-
DCP) was prepared as previously described.16 In short,
�-DCP powder (�-DCP: Ca2P207; Sigma, St. Louis, MO) was
mixed with 5 wt % Na4P2O7 � 10H2O in water and dried at
70°C for 3 days. The well-mixed and dried cake was ground
and sieved to obtain 40–60 mesh particles. The sieved par-
ticles were placed in a platinum crucible and heated up to
930°C at a rate of 3°C/min in a conventional Ni-Cr coiled
furnace and then maintained in air for 1 h after the 930°C
sintering temperature was obtained. The SDCP obtained
was dissolved by HCl and then diluted into different con-
centration solutions by culture media used in the bone cell
culture. In the first part of this study, the effects of various
concentrations of SDCP on bone cell activities were evalu-
ated by tetrazolium (MTT) assay as described below. Four
different concentrations (1.0 × 10−2 M, 1.0 × 10−3 M, 1.0 ×
10−4 M, 1.0 × 10−5 M) were tested for periods of 1, 3, and 7
days.

Osteoblast/osteoclast coculture (mixed bone cells
culture) and osteoblast culture

The rat alveolar mononuclear cells–calvarias osteoblasts
coculture system used in this study was the same as previ-
ously described.20 Newborn Wistar rats (3–5 days old) were
obtained from the laboratory center of the Medical College,
National Taiwan University. Primary osteoblast cells were
prepared from newborn rat calvarias. For the mixed bone
cells culture, osteoblast cells (1 × 104 cells/well) and alveolar
mononuclear cells (7.5 × 105 cells/well) were cocultured in
6-well plates for 6 days in Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 10% fetal calf serum (FCS; Gibco
BRL, Rockville, MD), in the presence of 10 nM 1�,
25(OH)2D3. Penicillin G sodium 100 units/mL and strepto-
mycin 100 mg/mL (Gibco BRL, Rockville, MD) were added.
The culture dishes were incubated at 37°C in an atmosphere
supplemented with 5% CO2. After 6 days’ culture and ob-
servation of the differentiated osteoclasts, various concen-
trations of SDCP were added. For the osteoblast culture,
osteoblast cells (1 × 105 cells/well) were cultured for 2 days
to facilitate their attachment, then subjected to preparation
and management similar to that of the mixed bone cells
culture, as described above.

Colorimetric MTT (tetrazolium) assay for
cell viability21

The mitochondrial activity of the bone cells after exposure
to various concentrations of SDCP was determined by col-
orimetric assay, which detects the conversion of 3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
(MTT, Sigma catalog no. M2128; Sigma Co., St. Louis, MO)
to formazan. For the assay, 2.5 × 104 cells per well were
incubated (5% CO2, 37°C) in the presence of various concen-
tration of SDCP. After predetermined time intervals, the su-
pernatant was removed, 100 �L/ well of MTT solution (1
mg/mL in test medium) was added, and the wells were
incubated at 37°C for 4 h to allow the formation of formazan
crystals. Again, the supernatant was removed and acid-
isopropanol (100 �L 0.04 N HCl in isopropanol) was added
to all wells and mixed thoroughly to dissolve the dark-blue
crystals. After all crystals were dissolved, the plates were
read on a Micro Elisa reader (Emax Science Corp., Sun-
nyvale, CA), with a test wavelength of 570 nm against a
reference wavelength of 690 nm. Plates were normally read
within 1 h after adding the isopropanol.

Statistical analysis

In this study, all experiments were performed in a paired
pattern and replicated 10 times. The differences between
various tested conditions were evaluated by the paired t test.
The level of statistical significance is defined as P < 0.05.

Identification of fragmented DNA by
TUNEL staining

Detection of apoptosis in bone cells after SDCP treatment
was performed by the immunohistochemical methods de-
scribed by Sgonc et al.22 For the assay, 1.0 × 105 cells/mL in
9.4 cm2 culture dishes were incubated in the presence of
SDCP. After various time intervals, the supernatants were
removed, cell samples were fixed with paraformaldehyde
solution [4% in phosphate-buffered saline (PBS), pH 7.4] for
30 min at room temperature. The endogenous peroxidase
was blocked by 0.3% H2O2 then permeated with 0.1% Tri-
ton� X-100 in 0.1% sodium citrate (Boehringer Mannheim,
Mannheim, Germany) for 2 min on ice (4°C). The DNA
strand breaks in bone cells were then fluorescence-labeled
by 100 �L TUNEL (TdT-mediated dUTP nick end labeling)
reaction mixture (Boehringer Mannheim, Mannheim, Ger-
many) and incubated for 60 min. Antifluorescence antibody
conjugated with POD (peroxidase; Boehringer Mannheim,
Mannheim, Germany) was added and then incubated with
samples for 30 min. 3,3�-Diaminobenzidine (DAB)-substrate
solution was added and incubated for 10 min. Samples were
then analyzed under light microscope.

Ultrastructural study

For transmission electron microscopy (TEM), the bone
cells were trypsinized, diluted with PBS solution, and cen-
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trifuged; then the cell pellets were fixed with 3% phosphate-
buffered formaldehyde (pH 7.4) for 1.5 hour at 4°C. The
specimens were then postfixed with an aqueous solution of
1% OsO4 and 1.5% ferrocyanide for 3 h at 4°C. The speci-
mens were dehydrated in acetone and embedded in Poly-
Bed (Polyscience, Inc., Warrington, PA). Ultrathin sections
stained with uranyl acetate and lead citrate were examined
under a Zeiss EM EM109 electron microscope (Zeiss Co.,
Ltd., Germany) operated at 80 kV.

RESULTS

Quantitative analysis of osteoblasts and osteoclasts

MTT is a pale-yellow substrate that produces a
dark-blue formazan product when incubated with liv-
ing cells. The MTT ring is cleaved in active mitochon-
dria, and the reaction occurs only in living cells.21 Fig-
ure 1 shows the effect of various concentrations of
SDCP on bone cells viability measured by MTT assay.
When osteoblast cells were cultured with 10−2 or 10−3

M SDCP, there was a significant decrease in the for-
mation of formazan, whereas in the 10−4 or 10−5 M
concentration of SDCP, the formation of formazan was
significantly increased, and this effect persisted till the
end of 3 days’ culture (Fig. 1). At the 10−4M concen-
tration of SDCP, the beneficial effect on the osteoblasts
persisted till the end of 7 days’ culture, although it did
not attain the significant level (Fig. 1). When osteoclast
cells were cultured with 10−2, 10−3, or 10−4 M concen-
trations of SDCP, mixed bone cell populations signifi-
cantly decreased, whereas at the 10−5 M concentrations
of SDCP, no statistically significant change was ob-
served (Fig. 1). The 10−4 M concentration of SDCP had
a beneficial effect on the osteoblast population,
whereas its effect on osteoclast formation was delete-
rious. In this study, we selected the concentration of
10

−4

M SDCP for the further evaluation of mixed bone
cell activities.

Immunohistochemical identification of apoptosis

For the osteoclasts in control groups, there was no
morphologic change at any stage of this study (Fig. 2,
Control: 1D, 3D, 7D). On the other hand, osteoclasts
undergoing apoptosis after 10−4 M SDCP treatment
were quite obvious in the study of in situ immunohis-
tochemical stain for apoptosis. Cellular changes of
apoptotic osteoclasts increased in severity with time.
After 1 day SDCP treatment, apoptosis was detected
in the osteoclasts clusters by showing dense stain in
the experimental groups. (Fig. 2, Experiment: 1D).
After 3 days treatment of SDCP, apoptosis of osteo-
clasts was even more significant, as manifested by the
pyknotic changes in the nucleus of the osteoclasts gi-

ant cells (Fig. 2, Experiment: 3D). After 7 days SDCP
treatment, there was loss of cellularity in the center of
osteoclast giant cells, and some residual apoptotic
cells with pyknotic nucleus were visible. However,
osteoblasts population surrounding the apoptotic os-
teoclast giant cells was relatively preserved (Fig. 2,
Experiment: 7D).

Ultrastructural changes observed in electron
microscopic examinations

On electron microscopic examination, more than 50
osteoclasts were studied at each stage. In the early

Figure 1. Effect of various concentration of SDCP on bone
cells viability measured by MTT assay (n = 10). When os-
teoblast cells cultured with 10−2 or 10−3 M concentrations of
SDCP, the osteoblast cell count was significantly decreased,
whereas in the 10−4 or 10−5 M concentrations of SDCP, the
osteoblast cell count increased significantly, and this effect
persisted till the end of 3 days’ culture. At the 10−4 M con-
centration of SDCP, the beneficial effect on the osteoblasts
persisted till the end of 7 days’ culture, although it did not
attain the significant level. When osteoclast cells were cul-
tured with 10−2, 10−3, or 10−4 M concentrations of SDCP,
there was a significant decrease in the cell count of osteo-
clasts, whereas at the 10−5 M SDCP concentration, there was
no statistical change in the cell count of osteoclasts. *P < 0.05,
**P < 0.005, ***P < 0.0005.
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stage, the Golgi apparatus of osteoclasts was de-
graded, resulting in accumulation of small vesicles in
the area of Golgi apparatus, or widely dispersed
within the cytoplasm [Fig. 3(B)]. However, nuclear
condensation was not obvious at this stage [Fig. 3(B)].
These features were observed in most osteoclasts un-
dergoing apoptosis.

At 3 days, osteoclasts exhibited numerous pyknotic
nuclei containing condensed heterochromatins, while
these condensed heterochromatins were often against
the marginated nuclear envelope at this stage [Fig.
3(C)]. Granular structures indicative of chromatin con-
densation also appeared in the pyknotic nuclei of
apoptotic osteoclasts [Fig. 3(C)]. The Golgi apparatus
was not observed, and there were many vesicles in the
cytoplasm. Plasma membrane of these osteoclasts
were often convoluted to give rise to membrane-
bound apoptotic bodies [Fig. 3(D)].

The pyknotic nuclei of osteoclasts in the late stage of
apoptosis displayed enlargement of the nuclear enve-
lope resulting from dissociation of the outer and inner

nuclear membranes, with accumulation of amorphous
material between them. The outer membranes of
closely apposed nuclei were fused, and the amor-
phous material had accumulated between the two nu-
clei [Fig. 3(E)]. In some instances, the inner mem-
branes of neighboring nuclei were juxtaposed. Irregu-
larly shaped osmiophilic granules were observed in
association with condensed heterochromatins of the
juxtaposed nuclei [Fig. 3(E)]. Some nuclei were dis-
rupted, as evidenced by the rupture of the nuclear
envelope, leading to leakage of nuclear components in

Figure 2. The in situ immunohistochemical stain for apop-
tosis after 10−4 M SDCP treatment. 1D: After 1 day’s SDCP
treatment on bone cells, apoptosis of the osteoclasts was
detected in the clusters by exhibiting dense stain in the
samples. 3D: The apoptosis of osteoclasts were even more
significant after 3 days’ SDCP treatment, as manifested by
the pyknotic changes in the nucleus of the osteoclast giant
cells. 7D: After 7 days’ SDCP treatment, there was loss of
cellularity in the center of osteoclast giant cells and some
residual apoptotic cells with pyknotic nucleus visible, but
the surrounding osteoblasts populations were relatively pre-
served. (C: Control; E: Experiment; O.B.: Osteoblasts; O.C.
Osteoclasts; Arrow: Apoptic cell; Double arrows: Pynotic
osteoclasts giant cells; Bar = 100 �m). [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 3. Ultrastructural changes of osteoclasts apoptosis
in the presence of 10−4 M concentrations of SDCP: (A) Nor-
mal osteoclast of control sample. (B) In osteoclasts at day 1 of
apoptosis, the Golgi apparatus was degraded, resulting in
accumulation of small vesicles in the area of Golgi apparatus
or dispersed in the cytoplasm. (C) At 3 days, osteoclasts later
exhibited typical features of apoptosis, with numerous pyk-
notic nuclei containing condensed heterochromatins, which
were often marginated against the nuclear envelope. (D) The
Golgi apparatus was not observed, and there were many
vesicles in the cytoplasm. These osteoclasts were often con-
voluted, giving rise to membrane-bound apoptotic bodies
on day 3. (E) The pyknotic nuclei of osteoclasts on day 7 of
apoptosis displayed enlargement of the nuclear envelope as
a result of dissociation of the outer and inner nuclear mem-
branes, with accumulation of amorphous material between
them. (F) In most severely apoptotic osteoclasts on day 7,
some nuclei were disrupted, as evidenced by the rupture of
the nuclear envelope, leading to leakage of nuclear compo-
nents in the cytoplasm.
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the cytoplasm [Fig. 3(F)]. These alterations of nuclear
structures were observed in most of the severely apo-
ptotic osteoclasts.

DISCUSSION

Osteoporosis is a major health care problem of ag-
ing populations. For the evaluation of agents intended
to prevent and/or treat postmenopausal osteoporosis,
the adult ovariectomized rat is a convenient and reli-
able experimental model. In the pilot study at our in-
stitute, we have proved that SDCP can increase bone
mass in the ovariectomized rat.19 In vivo, it is difficult
to examine the reaction of a specific cell to substrate
because numerous cell populations and chemical fac-
tors are involved in this experimental model. In order
to determine the sequences of events and the param-
eters influencing the interactive process, the model of
a cell culture in the presence of specific substrate is of
great importance. In this study, we used an in vitro
bone cell culture model to investigate the ultrastruc-
tural changes and fate of osteoclasts after SDCP ad-
ministration.

All bisphosphonates have a high affinity for hy-
droxyapatite and are resistant to metabolism by en-
dogenous phosphatases.7,23 SDCPs, unlike bisphos-
phonates, are bioabsorbable and can be metabolized
by endogenous phosphatases.16 In this study, we
found that when bone cells were cultured with 10−4 M
SDCP, there were differential effects on the osteoblasts
and osteoclasts. The osteoblasts population increased
significantly, whereas osteoclasts cell counts de-
creased significantly (Fig. 1). In this study, we selected
the concentration 10−4 M SDCP for the further osteo-
clasts activities evaluation. At a 10−4 M concentration
of SDCP administration, the osteoclasts showed defi-
nite evidence of apoptosis, and the cellular changes of
apoptotic osteoclasts increased in severity with time
(Fig. 2). The decrease of osteoclasts may be ascribed
mainly to apoptosis resulting from incorporation of
SDCP.24,25

The clinically useful bisphosphonates are synthetic
analogues of inorganic pyrophosphate, an endog-
enous regulator of bone turnover that has been found
to inhibit in vitro bone resorption and mineralization.7

In clinical medicine, treatment with bisphosphonates
can normalize the rate of bone turnover by the inhi-
bition of bone resorption.26 Later, bisphosphonate was
proved to induce the apoptosis of osteoclasts.15 Cells
undergoing apoptosis are characterized by accumula-
tion of nuclear chromatin resulting from fragmenta-
tion of genomic DNA, without any alteration of cellu-
lar organelles.27,28 Recent studies have also shown that
various ultrastructural changes of cellular organelles
occur depending on cell type and function.28

After SDCP administration, most osteoclasts are

subjected to apoptosis and manifest ultrastructure
changes that are different from those of other cells,
because they are specialized bone-resorbing cells. Un-
like normal osteoclasts [Fig. 3(A)], degradation of the
Golgi apparatus resulting in vesiculation of osteoclasts
appeared soon after SDCP administration [Fig. 3(B)].
The alteration of cellular organelles occurred before
nuclear pyknosis. The nuclear condensation was not
obvious in these osteoclasts in the early phase of ap-
optosis [Fig. 3(B)]; osteoclasts showing nuclear pykno-
sis associated with condensation and margination of
chromatins appeared on day 3 [Fig. 3(C)]. The findings
are consistent with the reports of Hughes et al. and
others,6,29,30 in which granular structures were ob-
served in nuclei exhibiting nuclear condensation. They
may be the initial alteration leading to chromatin con-
densation in cells undergoing apoptosis. The nuclear
envelope of pyknotic nuclei became enlarged and fi-
nally fused [Figs. 3(D) and 3(E)]. Some nuclei were
disrupted, as evidenced by rupture of the nuclear en-
velope, leading to leakage of nuclear components into
the cytoplasm [Fig. 3(F)]. They may be the structures
that facilitate diffusion of nuclear components. It is
likely that they are products derived secondarily from
condensed heterochromatin. These alterations of
nuclear structures were observed in most of the se-
verely apoptotic osteoclasts.15 Thus, the changes in-
duced by SDCP administration were the results of ap-
optosis.

In summary, SDCP, unlike bisphosphonate, has a
high affinity to osteoblasts. It induced osteoclast ap-
optosis characterized by degradation of the Golgi ap-
paratus, followed by nuclear pyknosis associated with
condensation and margination of chromatin, and for-
mation of apoptotic bodies. Enlargement and fusion of
the nuclear envelope were characteristics of apoptosis
of osteoclasts. Because apoptotic osteoclasts induced
by SDCP resemble dying or dead osteoclasts seen in a
physiologic condition, osteoclasts may be subjected to
cell death by apoptosis.
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