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Introduction

Bone is continuously remodeled by osteoblasts and 
osteoclasts (1 – 3). The proper balance between bone 
formation and resorption is regulated by various hor-
mones and cytokines that modulate bone metabolism. If 
this balance is disrupted, metabolic bone diseases such as 
osteoporosis and osteopetrosis result (4, 5). Osteoclasts 
are members of the monocyte/macrophage lineage and 
are formed by fusion of their mononuclear cellular pre-

cursors. The receptor activator of NF-κB (RANK) ligand 
(RANKL) is the most essential cytokine for the process 
of osteoclast differentiation and activation (6). RANKL 
is a member of the tumor necrosis factor (TNF) family 
and is expressed as a membrane-bound protein in osteo-
blasts and stromal cells (1). The receptor for RANKL, 
termed RANK, is induced by macrophage colony–stim-
ulating factor (M-CSF) in osteoclast precursor cells. M-
CSF is also an essential factor for the survival of osteo-
clast precursor cells and for the formation of osteoclasts 
(7). The pre-osteoclastic RAW264.7 cells we used in this 
study express endogenous RANK and can differentiate 
into osteoclasts following RANKL stimulation without 
M-CSF. Binding of RANKL to RANK induces activa-
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Abstract. Recent research has shown that platinum nanoparticles (nano-Pt) efficiently quench 
reactive oxygen species (ROS) as a reducing catalyst. ROS have been suggested to regulate recep-
tor activator of NF-κB ligand (RANKL)-stimulated osteoclast differentiation. In the present study, 
we examined the direct effects of platinum nano-Pt on RANKL-induced osteoclast differentiation 
of murine pre-osteoclastic RAW 264.7 cells. The effect of the nano-Pt on the number of osteoclasts 
was measured and their effect on the mRNA expression for osteoclast differentiation was assayed 
using real-time PCR. Nano-Pt appeared to have a ROS-scavenging activity. Nano-Pt decreased the 
number of osteoclasts (2+ nuclei) and large osteoclasts (8+ nuclei) in a dose-dependent manner 
without affecting cell viability. In addition, this agent significantly blocked RANKL-induced 
mRNA expression of osteoclastic differentiation genes such as c-fms, NFATc1, NFATc2, and 
DC-STAMP as well as that of osteoclast-specific marker genes including MMP-9, Cath-K, CLC7, 
ATP6i, CTR, and TRAP. Although nano-Pt attenuated expression of the ROS-producing NOX-
family oxidases, Nox1 and Nox4, they up-regulated expression of Nox2, the major Nox enzyme in 
macrophages. These findings suggest that the nano-Pt inhibit RANKL-stimulated osteoclast 
 differentiation via their ROS scavenging property. The use of nano-Pt as scavengers of ROS that 
is generated by RANKL may be a novel and innovative therapy for bone diseases.
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tion of TNF receptor–associated factor 6 (TRAF6) and 
c-Fos pathways, which lead to auto-amplification of 
 nuclear factor of activated T cells (NFAT) c1, the master 
transcription factor for osteoclast differentiation. Auto-
amplification of NFATc1 is also dependent on calcium 
signaling and regulates many osteoclast marker genes 
such as cathepsin K, tartrate-resistant acid phosphatase 
(TRAP) and the calcitonin receptor (8).

A variety of cytokines and growth factors have been 
shown to generate reactive oxygen species (ROS) (9). 
Although high concentrations of ROS cause oxidative 
stress injury that is implicated in the pathogenesis of 
different types of diseases, ROS also play a role as second 
messengers in signaling pathways that participate in a 
variety of cellular functions (10). ROS generated by os-
teoclasts are suggested to take part in the complex process 
of bone resorption (11, 12). Following stimulation with 
RANKL, osteoclast precursors increase intracellular 
ROS by activation of NADPH oxidase (Nox) homologs 
(13) or by increasing mitochondrial ROS production 
(14). In addition, a recent study indicated that N-acetyl-
cysteine, a chemical oxidant scavenger, blocks RANKL-
induced ROS production and osteoclastogenesis (13). 
These reports suggested that ROS are essential for the 
formation and function of osteoclasts and regulate 
RANKL-stimulated osteoclast differentiation (13, 15).

Platinum nanoparticles (nano-Pt) have attracted atten-
tion in recent years due to the fact that they have been 
shown to scavenge ROS persistently and catalytically 
(16). Nano-Pt are colloids of nano-sized particles of 
platinum, which are added to health foods or cosmetics 
due to their antioxidation and anti-aging properties (17). 
Although other antioxidants can only scavenge specific 
types of reactive oxygen, nano-Pt can function as reduc-
tive catalysts to scavenge all types of ROS. It has been 
suggested that nano-Pt scavenge ROS by functioning as 
a superoxide dismutase (SOD) / catalase mimetic (18, 
19). However, although there have been several studies 
regarding the biological effects of nano-Pt, it is unknown 
whether nano-Pt have a direct effect on osteoclast dif-
ferentiation. Therefore, in the present study, we investi-
gated the effect of nano-Pt on osteoclast differentiation.

Materials and Methods

Measurement of ROS
To detect ROS formed in the Fenton reaction, we used 

2-[6-(4′-amino) phenoxy-3H-xanthen-3-on-9-yl]benzoic 
acid (APF; Sekisui Medical, Tokyo). APF is a novel fluo-
rescence probe that specifically detects highly reactive 
oxygen species (hROS) such as hydroxyl radicals (•OH) 
as well as reactive intermediates of peroxidase in the 
form of an increase in fluorescence (20). To generate 

ROS, H2O2 (0, 2.5, or 5 μM) was incubated in sodium 
phosphate buffer containing 2 μM horseradish peroxidase 
(HRP; Wako Pure Chemicals, Osaka) for 20 min at 37°C 
in the dark. The nano-Pt (0, 10, or 100 μM) were then 
added and incubated for 10 min under the same condi-
tions. Finally, APF (100 μM) was added and the fluores-
cence intensity was determined at 535 nm, with excitation 
at 485 nm, using a microplate reader (Wallac 1420 
 ARVOsx; Perkin Elmer, Waltham, MA, USA).

Preparation of the nano-Pt
The nano-Pt were a gift from Apt Co., Ltd. (Tokyo) 

and prepared by the citrate reduction of H2PtCl6 (21). 
The average diameter of the nano-Pt was 2.0 nm, and the 
nano-Pt were dissolved in a large quantity of a citric acid 
solution. To compare the effect of ROS scavenging, we 
used other ROS scavengers, N-acetylcysteine (NAC; 
Sigma-Aldrich, St. Louis, MO, USA) and GSH (Wako).

Cell culture
The murine monocyte/macrophage cell line RAW264.7 

(RAW) (ATCC, Manassas, VA, USA) was used as 
 osteoclast precursor cells. RAW cells differentiate into 
osteoclast-like cells in the presence of RANKL. The cells 
were grown in Dulbecco’s Modified Eagle’s medium 
(DMEM, Wako), supplemented with 10% (v/v) heat-in-
activated fetal bovine serum (FBS) (Invitrogen, Carlsbad, 
CA, USA) and 66.7 μg/ml kanamycin-sulfate (Meiji 
Seika, Tokyo) at 37°C in a humidified atmosphere of 
95% air and 5% CO2. The cells were seeded onto 100-
mm standard dishes (BD Falcon, Franklin Lakes, NJ, 
USA). After overnight culture, RAW cells were trans-
ferred into 48-well culture plates (BD) at a density of 
0.5 × 104 cells/well with α-minimum essential medium 
(α-MEM) supplement with 10% heat-inactivated FBS, 
50 ng/ml RANKL (Oriental Yeast, Tokyo), 284 μM L-
ascorbic acid 2-phosphate (Sigma-Aldrich), 2 mM L- 
alanyl-L-glutamine (Sigma-Aldrich), and 66.7 μg/ml 
 kanamycin-sulfate at 37°C in a humidified atmosphere of 
95% air and 5% CO2 and were then treated with different 
reagents. The medium containing these reagents was re-
placed every other day.

Bone marrow cells were prepared as previously de-
scribed by Hu et al. (22). For the experiments of osteo-
clastogenesis in bone marrow macrophages (BMMs), 
freshly prepared bone marrow cells were incubated in 
100-mm standard dishes with α-MEM containing 10% 
FBS, as described above, in the presence of 10 ng/ml 
M-CSF (PeproTech, Rocky Hill, NJ, USA) for 1 day. 
The nonadherent cells were collected and counted. 
BMMs were replated in 48-well culture plates at a density 
of 2 × 104 cells/well and incubated in the presence of 
M-CSF (30 ng/ml) and RANKL (50 ng/ml) and were 
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then treated with different reagents for 7 days. The me-
dium containing these reagents was replaced every other 
day.

Animal care and experimental procedures were per-
formed in accordance with the Guidelines for Animal 
Experimentation of Hokkaido University with approval 
of the Institutional Animal Care and Use Committee.

TRAP staining
Cells cultured for a given period were washed with 

PBS and fixed in 10% neutral formalin. They were then 
washed with distilled water and stained with Fast Red 
Violet LB Salt (Sigma-Aldrich). After washing, TRAP-
positive cells with more than two nuclei were considered 
to be osteoclast-like cells and osteoclasts with 8 nuclei or 
more were considered to be large osteoclasts (23). The 
number of osteoclasts was counted under a light 
microscope.

Analysis of cytotoxicity
The cytotoxicity of Pt was analyzed by using the Cell 

Counting Kit-8 (Dojindo Molecular Technologies, Inc., 
Kumamoto). Hydrogen hexachloroplatinate (H2PtCl6) 
(Apt) was diluted with distilled water. RAW cells were 
seeded on a 96-well plate at a density of 0.2 × 104 cells/
well with different reagents. After 6 days of culture, the 
medium was changed to new medium (100 μl) and 10 μl 
of the Cell Counting Kit-8 solution was added. After in-
cubation for 2 h at 37°C, the absorbance was measured 
at 450 nm using a microplate reader (Model 550; Biorad, 
Hercules, CA, USA) and the background reading (me-
dium) was subtracted.

Quantitative real-time PCR
RAW cells were seeded on a 6-well plate at a density 

of 5 × 104 cells/well and were treated with different re-
agents for 5 days. Total RNA was extracted using Trizol 
(Invitrogen) according to the manufacturer’s instructions. 
cDNA was synthesized from 1 μg of total RNA using 
ReverTra Ace reverse transcriptase (TOYOBO, Osaka) 
and oligo dT primers (TOYOBO).

We used specific primers for analysis of the mRNA of 
the osteoclastogenic proteins: RANK, M-CSF receptor 
(c-fms), NFATc1, NFATc2, NFATc3, and dendritic cell-
specific transmembrane protein (DC-STAMP); the os-
teoclast specific markers: matrix metalloproteinase-9 
(MMP-9), cathepsin-K (Cath-K), chloride channel 
7(CLC-7), ATPase (ATP6i), calcitonin receptor (CTR), 
and TRAP; and of Nox enzymes and their partner 
 proteins: Nox1, Nox2, Nox3, Nox4, Nox organizer 1 
(NOXO1), Nox activator 1 (NOXA1), p47phox, p67phox, 
p22phox, Rac1, and Rac2. The specific primer sets used 
for RANK (Mm00437135_m1), c-fms (Mm00432689_

m1), NFATc1 (Mm00479445_m1), NFATc2 
(Mm004777776_m1), NFATc3 (Mm01249194_m1), 
DC-STAMP (Mm01168058_m1), MMP-9 
(Mm00442991_m1), Cath-K (Mm00484036_m1), CLC-
7 (Mm00442400_m1), ATP6i (Mm00469395_m1), CTR 
(Mm00432271_m1), TRAP (Mm00475698_m1), Nox1 
(Mm01340621_g1), Nox2 (Mm00432774_m1), Nox3 
(Mm01339126_m1), Nox4 (Mm00479246_m1), NOXO1 
(Mm00546832_g1), NOXA1 (Mm00549171_m1), 
p47phox (Mm00447921_m1), p67phox (Mm00726636_s1), 
p22phox (Mm00514478_m1), Rac1 (Mm01201653_mH), 
Rac2 (Mm00485472_m1), and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (Mm99999915_g1) 
were designed using the Primer Express program 
( Applied Biosystems, Foster City, CA, USA) and were 
purchased from Applied Biosystems. Quantitative real-
time PCR was performed using the ABI 7300 (Applied 
Biosystems).

We used the comparative Ct method to calculate 
mRNA expression. We verified the Ct values of both the 
calibrator and the samples of interest by normalizing 
them to GAPDH. The comparative Ct method is also 
known as the 2−ΔΔCt method, where, ΔCt = ΔCt, 
 sample − ΔCt, reference. ΔCT, sample is the Ct value for 
the samples normalized to the endogenous housekeeping 
gene, and ΔCt, reference is the Ct value for the calibrator, 
which was also normalized to the endogenous house-
keeping gene.

Statistical analysis
All data are expressed as mean ± S.D. Comparisons 

between samples of interest and the respective controls 
were analyzed using the 2-tailed unpaired Student’s t-
test. P values of < 0.05 were considered to be statistically 
significant.

Results

Antioxidant property of nano-Pt
We used APF as a novel fluorescence probe for detec-

tion of ROS production. We first used APF to analyze 
the antioxidant properties of nano-Pt in solution. For this 
purpose, we generated hROS from H2O2 in phosphate 
buffer (pH 7.4) containing HRP. As shown in Fig. 1, the 
fluorescence intensity of APF increased in proportion to 
the concentration of H2O2 due to APF-ROS reactivity. 
The nano-Pt dose-dependently inhibited this increase in 
fluorescence intensity and 100 μM nano-Pt completely 
inhibited this increase in fluorescence intensity. This 
 result shows that nano-Pt scavenge ROS in a dose- 
dependent manner.
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Effect of citric acid contained within nano-Pt on osteo-
clast differentiation

Because the nano-Pt were dissolved in a citric acid 
solution, we examined the influence of citric acid alone 
as well as the effect of nano-Pt dissolved in it on osteo-
clastic differentiation of RAW cells and BMMs. Differ-
entiation was induced by RANKL addition and was 
measured by counting the number of osteoclasts. There 
were no differences in the number of osteoclasts between 
control cells and cells cultured in citric acid for both 
RAW cells and BMMs (Fig. 2: A, B). In contrast, nano-
Pt strongly inhibited osteoclast differentiation in a con-
centration-dependent manner. In addition, an ATP biolu-
minescence assay indicated that neither citric acid nor 
the nano-Pt affected RAW cell growth (data not shown). 
These results suggested that the effect of the nano-Pt on 
osteoclast differentiation was due to the nano-particle 
itself and not to citric acid.

Effect of the nano-Pt on the number of TRAP-positive 
multinucleated osteoclasts

We further analyzed the effect of nano-Pt on osteoclast 
differentiation by incubating RAW cells with different 
concentrations of the nano-Pt (0, 1, or 10 μM) together 
with RANKL and counting both the number of osteo-
clasts and the number of large osteoclasts that appeared 

over a period of 9 days. Both osteoclasts and large osteo-
clasts appeared on day 4, and their number continued to 
increase up to day 6. Although there were no different 
osteoclast morphologies between the presence of nano-Pt 
and the absence of them, the nano-Pt strongly and dose-
dependently decreased the number of osteoclasts on all 
culture days (Fig. 3A). Compared with the control, 10 
μM nano-Pt suppressed osteoclastogenesis by 45% on 
day 5 and by 40% on day 6. Likewise, the number of 
large osteoclasts with > 8 nuclei was significantly de-
creased by the nano-Pt (Fig. 3B). Large osteoclasts ac-
counted for 30% of the total osteoclasts in the control and 
for 12% in the cells to which 10 μM nano-Pt had been 
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Fig. 1. Antioxidant property of nano-Pt. H2O2 (0, 2.5, or 5 μM) was 
incubated in sodium phosphate buffer containing HRP (2 μM) for 20 
min at 37°C in the dark. Nano-Pt (0, 10, or 100 μM) were then added 
and incubated for 10 min under the same conditions. Finally, APF 
(100 μM) was added and fluorescence intensity was determined at 
535 nm, with excitation at 485 nm, using a microplate reader. Results 
are shown as the mean ± S.D. for 4 independent experiments. 
**P < 0.01, significant difference from same H2O2 concentrations of 
the control (nano-Pt 0 μM).
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Fig. 2. Effect of citric acid contained within nano-Pt on osteoclast 
differentiation. RAW cells (0.5 × 104 cells/well) were cultured on 
48-well plates without citric acid (cont) or with citric acid, 1 or 10 μM 
nano-Pt in the presence of RANKL. After 6 days of culture, the 
number of osteoclasts was counted. Results are shown as the 
mean ± S.D. for 3 independent experiments (A). BMMs (2 × 104 
cells/well) were cultured on 48-well plates without citric acid (cont) 
or with citric acid, 1 or 10 μM nano-Pt in the presence of M-CSF and 
RANKL. After 7 days of culture, the number of osteoclasts was 
counted. Results are shown as the mean ± S.D. for 3 independent ex-
periments (B).*P < 0.05, **P < 0.01, significant difference from un-
treated control cells.
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added on day 5. The respective percentages were 43% in 
the control and 25% in the 10 μM nano-Pt–treated group 
on day 6. These findings indicate that addition of the 
nano-Pt not only suppressed osteoclast differentiation, 
but also suppressed the fusion of osteoclasts. In addition, 
another ROS scavenger, NAC and GSH, also decreased 
the number of osteoclasts and large osteoclasts. These 
results suggest that scavenging effects of ROS inhibit 
osteoclast differentiation (Fig. 3C).

Effect of Pt-induced cytotoxicity on osteoclast differ-
entiation

Because Pt is known to be cytotoxic, we determined 
whether Pt cytotoxicity played a role in the nano-Pt–in-
duced suppression of osteoclast differentiation. Since Pt 
is water and alcohol-insoluble we used H2PtCl6, which 
can be dissolved in deionized water, in order to analyze 
Pt cytotoxicity. RAW cells did not survive in the pres-
ence of H2PtCl6 (Fig. 4), indicating that H2PtCl6 was cy-
totoxic and induced cell death. In contrast, none of the 

other reagents tested, including the nano-Pt themselves, 
caused any significant change in the survival of RAW 
cells.

Effect of the nano-Pt on the mRNA expression of osteo-
clastic differentiation genes in RAW cells

To investigate the effect of the nano-Pt on the mRNA 
expression of genes associated with osteoclastogenesis, 
we cultured RAW cells for 5 days in the presence of 
RANKL and analyzed the mRNA expression of these 
genes using real time PCR analysis. The osteoclastogenic 
genes whose mRNA expression we examined were the 
following: RANK, c-fms, NFATc1, NFATc2, NFATc3, 
and DC-STAMP. The 10 μM nano-Pt reduced the mRNA 
expression of NFATc1, an essential factor for osteoclas-
tic differentiation, as well as of NFATc2 (Fig. 5). In ad-
dition, the mRNA expression of c-fms and DC-STAMP 
was also decreased. However, the nano-Pt did not affect 
the mRNA expression of RANK and NFATc3.
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Fig. 3. The effect of nano-Pt on the number of TRAP-
positive multinucleated osteoclasts. RAW cells (0.5 × 104 
cells/well) were cultured on 48-well plates without control 
(cont) or with nano-Pt (1 or 10 μM) in the presence of 
RANKL. Osteoclasts (A) and large osteoclasts (B) were 
counted at the indicated times during culture. Results are 
shown as the mean ± S.D. for 3 independent experiments 
(A, B). RAW cells (0.5 × 104 cells/well) were cultured on 
48-well plates without (cont) or with nano-Pt (10 μM), 
NAC (5, 10, or 15 μM), GSH (5, 10, or 15 μM) in the pres-
ence of RANKL. After 5 days of culture, the number of 
osteoclasts and large osteoclasts were counted. Results are 
shown as the mean ± S.D. for 4 independent experiments 
(C).
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Effect of the nano-Pt on the mRNA expression of osteo-
clast-specific markers in RAW cells

We further examined the effect of the nano-Pt on the 
mRNA expression of osteoclast-specific marker genes 
(MMP-9, Cath-K, CLC7, ATP6i, CTR, and TRAP), 
which are markers that differentiate mature from non-
differentiated osteoclasts. The 10 μM nano-Pt markedly 
inhibited the expressions of marker genes and the expres-
sion levels of Cath-K and CLC7 were also attenuated by 
1 μM nano-Pt. Although the number of osteoclast and 
large osteoclast were decreased by 1 μM nano-Pt, there 
were no significant differences in the mRNA expression 
of MMP-9, ATP6i, CTR, and TRAP from the control 
(Fig. 6).

Effect of the nano-Pt on the mRNA expression of Nox 
enzymes and their partner proteins in RAW cells

Nox proteins are membrane-associated multi-unit en-
zymes that generate ROS by transferring an electron 
from NADPH to molecular oxygen. The Nox family is 
composed of Nox1, Nox2 (gp91phox), Nox3, Nox4, and 
Nox5, all of which require a regulatory protein such as 
NoxO1, NoxA1, p47phox, p67phox, p22phox, Rac1, and Rac2 
in order to form the active enzyme and they have distinct 
functions (24 – 26). We investigated the effect of nano-
Pt on the mRNA expression of nox enzymes and their 
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Fig. 5. Effect of nano-Pt on the mRNA expression of osteoclast differentiation genes in RAW cells. RAW cells (5 × 104 cells/
well) were cultured on a 6-well plate with RANKL, with or without nano-Pt (0, 1, or 10 μM) for 5 days. Transcript levels of 
RANK, c-fms, NFATc1, NFATc2, NFATc3, and DC-STAMP were measured using real-time PCR analysis and specific primers. 
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partner proteins in RAW cells in the presence of RANKL. 
Treatment with nano-Pt decreased the mRNA level of 
Nox1, Nox4, and NOXO1 mRNA (Fig. 7). The mRNA 
expression of Nox1 and Nox4 mRNA was inhibited by 
50% by 10 μM nano-Pt. In contrast, nano-Pt significantly 
up-regulated the Nox2 mRNA level. The mRNA expres-
sion of p47phox, p67phox, p22phox, Rac1, and Rac2 was not 
affected by treatment with nano-Pt. We also confirmed 
that NOX3 and NOXA1 transcripts were not detectable 
(data not shown).

Discussion

It is well known that the accumulation of molecular 
damage caused by free radicals derived from ROS is one 
of the key factors in aging (27 – 29). Antioxidant therapy 
is therefore considered an effective medical treatment for 
aging. It has been shown that nano-Pt can function as a 
strong, stable reducing catalyst that efficiently quenches 
ROS (16). Since the use of platinum as a food additive 
has been approved, commercial products supplemented 
with nano-Pt have been marketed in Japan as antioxidants 
(17). In contrast to ROS-induced damage, recent studies 
indicate that small amounts of ROS may function as a 
second messenger in various receptor signaling pathways 

(10). Thus, for example, ROS have been suggested to 
regulate RANKL-stimulated osteoclast differentiation 
and function. In the present study, we investigated the 
effect of nano-Pt on osteoclast differentiation. We first 
verified that nano-Pt have antioxidant capacity using the 
fluorescent probe APF. Indeed, the fluorescence intensity 
of APF that was increased due to reactivity of APF with 
ROS was inhibited by nano-Pt (Fig. 1) and nano-Pt 
quenched ROS production in a dose-dependent manner.

To examine the direct effect of nano-Pt on RANKL-
stimulated osteoclast differentiation, RAW cells and 
BMMs were cultured with nano-Pt. For both RAW cells 
and BMMs, nano-Pt prominently reduced the number of 
osteoclasts (Fig 2: A, B). However, because the aim of 
this study was to investigate the effect of nano-Pt on 
RANKL-induced osteoclastogenesis, we used RAW 
cells that express endogenous RANK and can differenti-
ate into osteoclasts following only RANKL-stimulation 
following experiments. Addition of nano-Pt to RAW 
cells undergoing osteoclast differentiation induced by 
RANKL led to a significant decrease in the number of 
osteoclasts in a nano-Pt concentration–dependent manner 
(Fig. 3A). Likewise, the number of large osteoclasts was 
also suppressed by addition of nano-Pt (Fig. 3B). How-
ever, we observed no difference in the peak number of 
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Fig. 6. Effect of nano-Pt on the mRNA expression of osteoclast-specific markers in RAW cells. RAW cells (5 × 104 cells/well) 
were cultured on a 6-well plate with RANKL, with or without nano-Pt (0, 1, or 10 μM) for 5 days. Transcript levels of MMP-9, 
Cath-K, CLC-7, ATP6i, CTR, and TRAP were measured using real-time PCR analysis and specific primers. The results are 
 displayed as fold induction relative to the control, which was calculated using the comparative Ct method after normalization 
against GAPDH expression and as the mean ± S.D. of four independent experiments. *P < 0.05, **P < 0.01, significant difference 
from untreated control cells.
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large osteoclasts with any concentration of nano-Pt tested 
(Fig 3: A, B). This result indicates that nano-Pt do not 
delay, but inhibit, osteoclast differentiation and fusion 
(13, 15).

The cytotoxicity of platinum has been well established. 
Cisplatin, which is an effective antineoplastic agent, is 
cytotoxic and causes serious adverse effects. Therefore, 
it was suspected that the cytotoxicity of platinum might 
contribute to the suppression of osteoclast differentiation. 
Nevertheless, although the cytotoxicity of H2PtCl6 in-
duced cell death, nano-Pt were not cytotoxic, even at a 
concentration of 10 μM. These results suggested that the 
effect of nano-Pt on osteoclast differentiation was not 
due to the cytotoxicity of platinum.

We further investigated the effect of the nano-Pt on the 
mRNA expression of osteoclast associated genes in 

RAW cells. The expression of NFATc1 mRNA was de-
creased by addition of nano-Pt (Fig. 5). NFATc1 is a 
master regulator of RANKL-induced osteoclast differen-
tiation and plays a pivotal role in osteoclast fusion and 
osteoclast activation via up-regulation of various osteo-
clast-related genes (8, 30). Therefore, suppression of 
NFATc1 mRNA by nano-Pt indicates inhibition of os-
teoclast differentiation (8). The mRNA level of NFATc2 
that activates the initial induction of NFATc1 was also 
decreased by nano-Pt. NFATc1 has been shown to regu-
late the expression of osteoclast marker genes (6). Nano-
Pt at 10 μM also inhibited the mRNA expression of 
 osteoclast specific markers and this suppression corre-
sponded to the nano-Pt–induced decrease in the number 
of osteoclasts. Furthermore, recent reports demonstrate 
that NFATc1 induces osteoclast fusion via up-regulation 
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Fig. 7. Effect of nano-Pt on the mRNA expression of NOX enzymes and their partner proteins in RAW cells. AW cells (5 × 104 
cells/well) were cultured on a 6-well plate with RANKL, with or without nano-Pt (0, 1, or 10 μM) for 5 days. Transcript levels of 
NOX1, NOX2, NOX4, NOXO1, p47phox, p67phox, p22phox, Rac1, and Rac2 were measured using real-time PCR analysis and specific 
primers. The results are displayed as fold induction, which was calculated using the comparative Ct method relative to the control 
after normalization against GAPDH expression and as the mean ± S.D. of four independent experiments. *P < 0.05, **P < 0.01, 
significant difference from untreated control cells.
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of the DC-STAMP (31), which is essential for cell-cell 
fusion in osteoclasts (32). In this study, nano-Pt reduced 
the expression of DC-STAMP mRNA in addition to that 
of NFATc1. These results suggest that nano-Pt inhibit 
osteoclast differentiation and fusion via down-regulation 
of NFATc1 signaling. However, compared with the de-
crease in the number of osteoclasts, the addition of 1 μM 
nano-Pt induced little significant difference in the mRNA 
expression of osteoclast-associated genes and marker 
genes from the control. Although the mRNA expressions 
of osteoclast marker genes do not always correlate with 
the number of osteoclasts (33, 34), this discrepancy indi-
cates that other factors may be involved in the effect of 
nano-Pt on osteoclast differentiation. To identify such 
factors, we examined the expression of Nox enzymes and 
their partner proteins during RANKL-induced osteoclast 
differentiation and the effect of nano-Pt on these en-
zymes. Nox is an enzyme system that has been shown to 
generate ROS in osteoclasts (35, 36). Nox2 is the main 
Nox enzyme expressed in osteoclast precursors. Nox1 is 
expressed at a low level and other Nox family members 
such as Nox3 and Nox4 are not expressed. A recent study 
demonstrated that the level of ROS rapidly increased to 
its maximum level after RANKL addition and thereafter 
decreased towards its basal level (13). This decline in 
ROS-producing capability was associated with a reduc-
tion in Nox2 mRNA expression (37). As RANKL de-
creased Nox2 mRNA levels, it inversely increased Nox1 
mRNA levels (13) and newly induced Nox4 transcript 
expression (38, 39). It has been shown that Nox1 plays a 
role in RANKL-induced osteoclast differentiation and 
Nox4 is involved in bone resorption by osteoclasts (13, 
36, 37). These findings suggest that terminal differentia-
tion of osteoclasts is associated with a switch from the 
potent Nox2-based oxidase system to functionally differ-
ent Nox systems and that this switch is sufficient to 
change intracellular signals and cellular functions (35). 
Real-time PCR analysis showed that Nox2 mRNA ex-
pression was significantly increased depending on the 
concentration of nano-Pt used. In contrast, nano-Pt dose-
dependently inhibited Nox1 and Nox4 mRNA expres-
sion. These results suggest that Nox2 is up-regulated 
during the process of osteoclast differentiation due to the 
antioxidant property of nano-Pt. The lack of attenuation 
of the potent Nox2-based oxidase system may lead to 
inhibition of Nox1 and Nox4 expression and osteoclast 
formation. This down regulation of Nox1 and Nox4 may 
participate in the suppression of osteoclast differentia-
tion. However, although the NADPH oxidase system is 
a major contributing factor in RANKL-stimulated ROS 
production and osteoclast differentiation, it has also been 
shown that mitochondrial function and intramitochon-
drial ROS play important roles in osteoclastogenesis 

(14). Therefore further studies are necessary to address 
the signaling mechanisms of nano-Pt in more detail.

In summary, this is the first study of the direct effects 
of nano-Pt on RANKL-induced osteoclast differentia-
tion. We found that nano-Pt inhibited RANKL-stimulated 
osteoclast differentiation in RAW cells due to its antioxi-
dant property. Although further studies are needed, our 
data indicate that the application of nano-Pt as scavengers 
or inhibitors of RANKL-induced ROS generating path-
ways may be beneficial strategies for alternative therapy 
of age-related and bone diseases such as osteoporosis.
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