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ARTICLE INFO ABSTRACT

Keywords: Cerium and cerium containing materials have been drawing increasing attentions in industrial and biomedical
Cerium applications in recent decades. The increased applications of cerium have also increased the risk of human body
Osteoclast exposed to cerium ions. Due to its similar ionic radius to calcium(II), cerium(III) have found mainly deposited in
Osteoclastogenesis

the skeletal system. However, the effects of cerium(IIl) on the bone metabolism homeostasis remain poorly
understood. In the present study, the effect of cerium(III) on the osteoclastogenesis which plays a pivotal role in
bone metabolism homeostasis was investigated. Cerium(III) could enhance the expression and activity of NADPH
oxidasel (Nox1) leading to the elevation of intracellular reactive oxygen species (ROS) level. The augmentation
of ROS level activated the RANKL dependent osteoclasts differentiation pathways resulted in the promotion of
osteoclastogenesis, while anions associated with cerium(IIl) cation have no effects on the differentiation of
osteoclasts. The cerium(IIl) activated osteoclasts exhibited enhanced bone resorption capability. These results
provided fundamental information for understanding the potential effects of cerium(Ill) on the metabolism
homeostasis of skeletal system which is of great reference value for future biomedical applications of cerium

Reactive oxygen species

salts.

1. Introduction

Cerium is the most abundant rare earth element which makes up
about 0.0046% wt of the Earth’s crust [1]. The abundant reserves of
cerium and the unique chemical properties of cerium containing ma-
terials have driven the intensive studies on exploring the application of
these materials. Accordingly, cerium containing materials have been
engineered for application in areas as diverse as automobile exhaust
treatment, fuel cells, water-gas shift, and photocatalytic degradation
[2-5].

In their natural occurrence, cerium has trivalent and tetravalent
states. However, cerium ion in tetravalent state is unstable in the so-
lution with pH > 3.0 [6]. The ionic radius of cerium(III) (1.01 A) is very
close to that of the calcium(II) (1.00 A). This similarity enables cerium
(II1) the capability to replace calcium(II) in many calcium-containing
biomolecules leading to the change of bioactivities of these biomole-
cules [6]. This unique biochemical property of cerium(IIl) has been
developed for applications in antiemetic, prevention of postburn sepsis
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and inflammatory [7-9]. Several cerium salts including chloride, ni-
trate and stearate were known for their antibacterial activity.

Nevertheless, some studies have also reported the toxicity concerns
of cerium(III). For example, recent studies have revealed that cerium
(II1) could induce pulmonary inflammation, liver injury, hippocampus
injury, muscle paralysis and kidney injury in animal models [10-14].
These studies implied that the effects of cerium(III) on different organs
have to be comprehensively evaluated before the cerium containing
materials can be safely applied to the human body.

Skeletal system which makes up the framework of human body is
one of the most important organs. Skeletal system health is highly de-
pendent on the bone metabolism homeostasis regulated by the osteo-
clastic bone resorption and osteoblastic bone formation processes [15].
Bone metabolism disorder can cause many diseases such as osteo-
porosis, rheumatoid arthritis and osteopetrosis [16-18]. Thus, main-
taining the normal activity of osteoclasts and osteoblasts is of great
importance to skeletal system health. Cerium ions have found mainly
deposited in the skeletal system [6]. If excessive cerium(III) is existed,
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Fig. 1. The cell viabilities of RAW264.7 cells treated with different concentrations of cerium(III) for 24 h and 72 h with and without RANKL stimulation. Data in the
figures represent the mean + SD. ** (p-value < 0.01) based on one way ANOVA.

the bone metabolism homeostasis might be interfered. Recently, pre-
liminary study has reported that cerium(III) could promote the osteo-
genesis through the activation of TGF-3/BMP signaling pathway of
mesenchymal stem cells [19]. However, the role of cerium(IIl) in os-
teoclatogenesis still remains unknown. In this study, the effects of
cerium(III) on the osteoclatogenesis were explored. The promotion of in
vitro and in vivo osteoclasts differentiation by the administration of
cerium(IIl) was illustrated. The mechanisms of cerium(Ill) promoted
osteoclasts differentiation through the generation of ROS from Nox1
was discussed. To eliminate the possible effects of anions on the results
of the experiments, Ce (NO3)36H,0 and CeCly7H,O were used as
cerium(III) source.

2. Materials and methods
2.1. Chemicals and regents

The Ce (NO3)3:6H,0 and CeCl37H,0 were purchased from Acros.
Cerium(III) solution at concentrations ranging from 10 to 1000 pM were
prepared immediately before using. The pre-osteoclast mouse macro-
phage cell line RAW264.7 was obtained from the American Type
Culture Collection. Receptor activator nuclear factor-kB ligand
(RANKL) and macrophage colony-stimulating factor (M-CSF) were
purchased from R&D Systems. Dulbecco’s modified eagle’s medium
(DMEM) high glucose and fetal bovine serum (FBS) were purchased
from Gibico Life Technologies. Alamar blue was purchased from
Invitrogen. ROS assay kit dichlorofluorescin diacetate (DCFH-DA) was
purchased from Beyotime Biotechnology. Tartrate-resistant acid phos-
phatase (TRAP) stain kit was obtained from Sigma. Actin cytoskeleton
and focal adhesion (FAK) kit was obtained from Millipore. Antibodies
against NFATc-1, c-FOS, Nox1 and p-actin were purchased from Bioss.

2.2. Cell culture and cell viability assay

The RAW264.7 cells were grown in DMEM high glucose medium
containing 8% FBS and incubated in a humidified atmosphere supple-
mented with 5% CO, at 37 °C. For viability assay, cells were seeded
onto 96-well plates at concentration of 6 X 10® cells/well. The cells
were added RANKL (50 ng/mL) and M-CSF (50 ng/mL) to induce the
differentiation for 24 h, 48h and 72h. The concentrations of RANKL
and M-CSF were kept at 50 ng/mL for all of the following experiments.
The cell viability was detected by Alamar Blue kit. The fluorescence
intensity with excitation wavelength at 560 nm and emission wave-
length at 590 nm was detected on a Bio-Tek Synergy H4 micro-plate
reader.

2.3. TRAP and FAK staining

The RAW264.7 cells were seeded on 96-well plates (6 x 10° cells/
well) and incubated with different concentration of cerium(IIl) in the
presence of RANKL and M-CSF for 72 h. The medium was removed and
the cells were washed twice by PBS. After that, the cells were fixed in
4% paraformaldehyde solution for 20 min and then stained by TRAP
and FAK following the procedures of the manufacturer.

2.4. Resorption pit formation assay

Bone slices with thickness of about 100 um were cut from bovine
femoral compact bone. The slices were washed by PBS and sterilized
using 75% ethanol. After drying at room temperature for 48 h, the slices
were seeded RAW264.7 cells for 12 h. After that, the cells were cultured
in medium containing 8% FBS, RANKL and M-CSF in the presence of
different concentrations of cerium(IIl) for 6 days. Then the cells were
removed by 0.1% sodium hypochlorite for 5min and the bone slices
were washed by PBS for 3 times. The pits were stained by toluidine blue
for 1 min. The areas of the resorbed bone surface were analyzed by
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Fig. 2. Cerium(III) promoted the osteoclasts differentiation. (A) TRAP staining of osteoclasts treated with cerium(III) for 72 h. (B) Quantitative statistics of the stained
osteoclasts based on the results of (A). Data in the figures represent the mean *+ SD. ** (p-value < 0.01) based on one way ANOVA.
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Fig. 3. Cerium(IIl) promoted the osteoclasts fusion. (A) FAK staining of osteoclasts treated with cerium(Ill) for 72h. (B) Quantitative statistics of the stained
osteoclasts based on the results of (A). Data in the figures represent the mean + SD. ** (p-value < 0.01) based on one way ANOVA.
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Fig. 4. Cerium(IIl) promoted the expression of osteoclasts fusion and differentiation related genes and proteins. (A) Relative mRNA expression of c-FOS, DC-STAP
and OSCAR after cerium(IIl) treatment. (B) Western blot images of c-FOS and NFATc-1 of osteoclasts treated with cerium(IIl) for 24 h and 72 h respectively. (C)
Relative intensity of expression level of c-FOS and NFATc-1 against -actin. Data in the figures represent the mean * SD. * (p-value < 0.05) and ** (p-value < 0.01)

based on one way ANOVA.

Image J software.

2.5. Real-time quantitative PCR

The RAW264.7 cells were seeded on 24-well plates (4 x 10* cells/
well) and incubated with different concentration of cerium(III) in the
presence of RANKL and M-CSF for 24 and 72h. The total RNA was
isolated by Trizol and the concentration of the RNA was detected on
ultra low volume spectrometer (BioDrop, UK). The single-stranded
cDNA was prepared from 1 pg of total RNA using reverse transcriptase
with oligo-dT primer according to the manufacturer’s instructions. The
solution containing 1pg ¢cDNA was subjected to PCR amplification
using specific primers for c-FOS, DC-STAMP, OSCAR and Nox1. All
reactions were run in triplicate and were normalized to the house-
keeping gene GAPDH. SYBR Green I was used as fluorescence indicator.
The specific primers used for amplification were as follows: GAPDH:
forward, 5-TCTGCTGGAAGGTGGTGGACAGT-3’ and reverse, 5’ —CCT
CTATG CCAACACAGTGC-3’; c-Fos: forward, 5’-AACAGATCCGAGCAG
CTTCTA-3’ and reverse, 5-GACTTTCCTGTCGAATGCACT-3; DC-
STAMP: forward, 5-TTATGTGTTTCCACGAAGCCCTA-3’ and reverse
5’-ACAGAAGAGAGAGGGCAACG-3’; OSCAR: forward, 5-GGTCCTCAT
CTGCTTG-3’ and reverse 5-TATCTGGTGGAGTCTGG-3’; Nox1: for-
ward, 5-ATGCCCCTGCTGCTCGAATA-3" and reverse 5-AAATTGCCCC
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TCCATTTCCT-3".
2.6. Western blot assay

The RAW264.7 cells were seeded on 6-well plates (2 x 10° cells/
well) and incubated with different concentration of cerium(IIl) in the
presence of RANKL and M-CSF for 72 h. The cells were washed by PBS
for 3 times and then lysed in RIPA lysis buffer containing 50 mM Tris,
150 mM NacCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS
and protein inhibitor sodium orthovanadate, sodium fluoride, EDTA
and leupeptin. Protein samples were subjected to SDS-PAGE and then
transferred onto PVDF membranes. After blocking in 5% skim milk for
1h at room temperature, membranes were incubated with rabbit an-
tibodies against c-FOS, NFATc-1, Nox1 and f-actin (1:1000) at 4°C
overnight followed by 1h incubation with secondary antibody (HRP-
labeled Goat Anti-Rabbit IgG (H + L)).

2.7. Intracellular ROS detection

The RAW264.7 cells were seeded on 96-well plates (6 X 102 cells/
well) and incubated with different concentration of cerium(IIl) in the
presence of RANKL and M-CSF for 72 h. After that, the cells were added
10 uM DCFH-DA at 37°C for 20min. The intracellular ROS was
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Fig. 5. Cerium(III) enhanced bone resorption of osteoclasts. (A) Typical images of toluidine blue stained osteoclasts resorption pits. (B) Quantitative statistics of
resorption bone areas based on the results of (A). Data in the figures represent the mean + SD. * (p-value < 0.05) and ** (p-value < 0.01) based on one way ANOVA
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

observed on inverted florescence microscope and the florescence in-
tensity was analyzed by Image J software. For quantitative intracellular
ROS analysis, the cells were seeded on 12-well plates (1 x 10° cells/
well) and incubated with different concentration of cerium(III) in the
presence of RANKL and M-CSF for 48 h. The florescence was detected
by flow cytometer after adding DCFH-DA.

2.8. Mitochondrial membrane potential (MMP) detection

The RAW264.7 cells were seeded on 6-well plates (2 x 10° cells/
well) and incubated with different concentration of cerium(III) in the
presence of RANKL and M-CSF for 24 h. The cells were washed once
with PBS. Positive control was pretreated with 50 pM CCCP for 5 min.
All the samples were stained with lipophilic dye JC-1 (2 uM) for 20 min
at 37 °C containing 5% CO, [20]. Cells were rinsed once and re-sus-
pended in 500 pL PBS for flow cytometry detecting. JC-1 was excited at
488 nm and emission singles at 535 and 595nm were recorded to
quantify the population of green and red fluorescence respectively.
Frequency plots were prepared for red and green fluorescent signals to
determine the percentage of normal and depolarized cells.

2.9. Mice and treatment

Male C57BL/6 mice (4 and 8 weeks old) were obtained from Animal
Center of Army Medical University. All experimental procedures were
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approved by Army Medical University and performed according to
guidelines of laboratory animal care and use. Each aged mice were
randomly divided into 5 groups (n =5) including control, Ce
(NO3)3:6H,0 low dosage (10 mg/kg), Ce(NO3)36H,O high dosage
(100 mg/kg), CeCl37H,0 low dosage (10 mg/kg) and CeCl37H,0 high
dosage (100 mg/kg). The cerium(IIl) were dissolved in saline and fil-
tered with 0.22 ym membrane. The solution was injected directly onto
the skull of the mouse at interval of 48 h for 9 days. All of the treated
mice were sacrificed one day after the last injection.

2.10. Statistical analysis

Statistical significance was determined using one-way ANOVA SPSS
statistics and a statistical difference was considered significant when
the *p < 0.05 and **p < 0.01. Data were presented as mean =
standard deviation.

3. Results
3.1. Cytotoxicity of cerium(IIl)

The RAW264.7 cells were incubated with different concentrations
of cerium(IIl) for 24 and 72 h. Alamar Blue was utilized to assess the
cytotoxicity of cerium(IIl). As shown in Fig. 1, both Ce(NO3)3-6H,0 and
CeCl37H,0 did not inhibit the cell viability of RAW264.7 cells at
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Fig. 6. The TRAP staining of mice skull treated with cerium(III) for 9 days.

concentration lower than 500 uM with or without RANKL and M-CSF.
Based on these results, 100 and 500 uM of cerium(III) was chosen for all
of the in vitro experiments.

3.2. Cerium(IIl) promoted osteoclastogenesis in vitro

The RAW264.7 cells seeded on 96-plates were treated with cerium
(II1) for 72h in the presence of RANKL and M-CSF. The osteoclasto-
genesis was characterized by TRAP staining, FAK staining and osteo-
clasts differentiation specific gene detection. The TRAP staining results
were shown in Fig. 2. The cells with more than 3 nucleuses were
counted as osteoclasts. Cerium(IIl) significantly promoted the osteo-
clastogenesis as the numbers of osteoclasts formed in each 96-plates
well treated with 0, 100 and 500 uM Ce(NO3)36H,0 were 49, 71 and
78 respectively, and these numbers for cells treated with 0, 100 and
500 uM CeCl3'7H,0 were 49, 76 and 79 respectively. These results were
further confirmed by FAK staining which was generally used to char-
acterize the fusion of osteoclasts. As can be seen in Fig. 3, the numbers
of osteoclasts stained by FAK in each 96-plates well treated with 0, 100
and 500 uM Ce(NO3)36H,0 were 45, 55 and 61 respectively, and these
numbers for cells treated with 0, 100 and 500 pM CeCl37H,0 were 45,
45 and 58 respectively. The gene detection results were shown in Fig. 4.
The c-FOS was detected 24 h after cerium(IIl) treatment since this gene
responses very quickly after the differentiation induction. The DC-
STAMP and OSCAR which represent the fusion and differentiation
genes were detected 72 h after cerium(III) treatment. As can be seen in
the results, all of these detected genes were up-regulated after treating
the cells with cerium(III). These results demonstrated that both Ce
(NO3)36H,0 and CeCl;7H,0 could promote the osteoclastogenesis.

3.3. Cerium(IIl) enhanced bone resorption of osteoclasts

The function of the cerium(IIl) promoted osteoclasts was tested
through pit formation assay. The RAW 264.7 cells seeded on bovine
femoral compact bone in the presence of 0, 100 and 500 pM cerium(III)
were cultured for 6 days to form mature osteoclasts. The resorption pits
formed by the osteoclasts were stained and the resorption areas were
measured for statistical analysis. As shown in Fig. 5, the pit areas for the
cells treated with 0, 100 and 500 uM Ce(NO3)36H,O were 13.1%,
16.5% and 20.1% respectively, and the pit areas for the cells treated
with 0, 100 and 500 uM CeCl;7H,0 werel3.1%, 18.2% and 22.2%
respectively. These results indicated that cerium(III) not only promoted
the osteoclastogenesis but also enhanced the bone resorption capability
of the osteoclasts.

3.4. Cerium(III) activated osteoclasts in vivo

After getting the in vitro results that cerium(III) could promote the
osteoclastogenesis, the effects of cerium(III) on the osteoclastogenesis in
vivo was evaluated by injecting cerium(IIl) solution onto the skull of
mice. The mice were sacrificed and their skulls were separated for TRAP
staining. As can be seen in Fig. 6, adult (8 weeks) and developing mice
(4 weeks) groups showed deeper TRAP colour comparing with the
control group which implied that the osteoclastogenesis of mice treated
by cerium(III) was significantly accelerated. Besides, the activated os-
teoclasts were gathered around the sutures where the bone metabolism
was very active.

3.5. Cerium(III) rose the intracellular ROS level

It is well known that the RANKL dependent osteoclasts
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osteoclasts treated with cerium(Ill) for 48 h. (C) MFI quantitative statistics of osteoclasts treated with cerium(IIl) for 48 h. Data in the figures represent the

mean * SD. ** (p-value < 0.01) based on one way ANOVA.

differentiation is accompanied with the change of intracellular ROS
level [21,22]. Thus, the cerium(III) induced enhancement of osteoclasts
differentiation could be caused by the change of ROS level. To prove
this hypothesis, the ROS change in osteoclasts was detected by flow
cytometry and fluorescence microscope using DCFH-DA probe. As
shown in Fig. 7, the negative control without the addition of RANKL
showed weak fluorescence intensity due to the low intracellular ROS
level. Once the differentiation was initiated by the addition of RANKL,
increase of intracellular ROS level was observed. Most importantly, the
addition of cerium(IIl) further increased the ROS level of the cells.
These results were confirmed by quantitative fluorescence detection
where flow cytometer was used to measure the mean fluorescence in-
tensity (MFI) of the cells. As shown in Fig. 7, the MFI of cells treated
with cerium(III) was much higher than that of the control. These results
demonstrated that cerium(II) could significantly rise the intracellular
ROS level in the process of osteoclasts differentiation.

3.6. Cerium(IIl) enhanced the expression of Nox1

ROS can be generated and modulated by many pathways in cells.
Within these pathways, the Nox1 derived ROS is essential for the dif-
ferentiation of osteoclasts [23-25]. Thus, the enhanced expression of
Nox1 might be the reason for the rise of ROS level in osteoclasts. To
investigate the effects of cerium(III) on the expression of Nox1, the cells
were cultured with cerium(IIl) in the presence of RANKL and M-CSF for
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72 h. The mRNA and protein expression levels of Nox1 were detected by
qPCR and WB. As shown in Fig. 8, both of the mRNA and protein levels
of Nox1 were significantly increased after treating the cells with cerium
(11I).

3.7. Cerium(IIl) caused the depolarization of mitochondria

Except for the expression of Nox1, the activity of this protein is
another critical parameter that could modulate its ROS generation
capability. To detect the activity of Nox1l by measuring the change of
MMP, the RAW264.7 cells were incubated with different concentrations
of cerium(III) for 24 h, and the MMP of the cells were analyzed by JC-1
mitochondria staining kit. As shown in Fig. 9, loss of MMP in the cells
cultured in the presence of cerium(IIl) was observed. The percentages
of the depolarized cells cultured with 100 and 500 uM Ce(NO3)36H,0
were 58.3% and 56.4%, and the values for cells cultured with 100 and
500 uM CeCl;-7H,0 were 59.1% and 62.0%. As control, the percentage
of depolarized cells in normal culture condition was 47.4%. These re-
sults indicated that cerium(IIl) could significantly increase the MMP
depolarization of the osteoclasts.

4. Discussion

The extensive use of cerium(III) salt has increased the opportunity
that people expose to cerium(IIl).It has been reported that the cerium
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Fig. 9. Cerium(III) decreased the MMP of osteoclasts. (A) Percentage of osteoclasts in conditions of resting potential and action potential after 24 h treatment of
cerium(IIl). (B) Quantitative statistics of the percentage of the depolarized cells based on the result of (A). Data in the figures represent the mean = SD. ** (p-

value < 0.01) based on one way ANOVA.

(I11) ions were mainly deposited in bone skeletal system due to their
similar ionic radius to calcium(II) ions [6]. Thus, the reveal of the po-
tential effects of cerium(IIl) ion on the skeletal system metabolism
homeostasis is of great importance. However, little attention has been
paid to these works. In the present study, we studied the effects of
cerium(III) on the osteoclastogenesis. To eliminate any confusion that
might be caused by the anions, two kinds of cerium(IIl) salts Ce
(NO3)3'6H,0 and CeCl37H,0 were used in the study.

The effects of cerium(IlI) on the osteoclastogenesis were char-
acterized by several experiments including TRAP staining, FAK
staining, osteoclasts differentiation related mRNA and protein
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detection. The promotion of osteoclastogenesis induced by cerium(III)
was observed in all of these experiments. The TRAP (Fig. 2) and FAK
(Fig. 3) staining showed more osteoclasts formation with the addition
of cerium(III). The osteoclasts differentiation related mRNA expression
such as c-FOS, DC-STAMP and OSCAR were increased (Fig. 4), and the
protein expressions of c-FOS and NFATc-1 which represent the typical
osteoclasts differentiation processes were also increased with the ad-
dition of cerium(Ill) (Fig. 4) [26]. The function of the cerium(III)
treated osteoclasts was evaluated by the resorption of bovine femoral
compact bone for 6 days [27.28]. The resorption pit areas formed by
the osteoclasts with cerium(II) treatment were obviously higher than
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Fig. 10. Scheme illustrated the mechanism of cerium(III) promoted osteoclastogenesis.

the control (Fig. 5). Most importantly, the skull of mice treated with
cerium(IIl) exhibited enhanced activation of osteoclasts gathering
around the sutures (Fig. 6). Taking together, these results provided
strong evidences that cerium(IIl) could promote the osteoclastogenesis.

It has been reported that the RANKL dependent osteoclasts differ-
entiation is accompanied with the rise of intracellular ROS level [22],
and the addition of ROS scavengers could inhibit the osteoclasts dif-
ferentiation [21,27-29]. It is therefore reasonable to believe that the
cerium(II) induced promotion of osteoclasts differentiation might be
ascribed to the rise of intracellular ROS level. To prove this hypothesis,
the osteoclasts treated with and without cerium(III) were sent for ROS
detection. As expected, significant ROS level augmentation was ob-
served in cerium(IIl) treated cells (Fig. 7). We next traced back to ex-
plore the source of ROS generation induced by cerium(IIl). ROS can be
generated by multiple proteins within cell such as xanthine oxidase,
lipoxygenase, cytochrome P-450 and nitric oxide synthase [30-33].
Within these proteins, Nox family are extraordinary as these proteins
produce ROS on only one side of the lipid bilayer, and the ROS gen-
erated from Nox are confined to the localizations where the Nox-de-
pendent ROS signaling pathways take place [34]. Besides, unlike the
other proteins that generate ROS as byproducts, Nox generate ROS as
major products. Further, recent studies have found that the Nox1 de-
rived ROS are essential for osteoclasts differentiation [23-25]. We thus
detected the change of Nox1 expression of osteoclasts treated with
cerium(IIl). As expected, the mRNA and protein expression of Nox1
were enhanced after treating the cells with cerium(IIl) (Fig. 8). Except
for the expression level, we also detected the activity of Nox1 through
measuring the depolarization of mitochondria based on the principle
that a slight depolarization leads to the initiation of Nox and the ac-
tivity of Nox increases with the enhancement of mitochondrial MMP
depolarization [35,36]. As a result, the osteoclasts treated with cerium
(I11) showed a significant increase in mitochondria MMP depolarization
(Fig. 9). These results implied that the rise of ROS level could be as-
cribed to the cerium(IIl) stimulated enhancement of expression and
activity of Nox1. The rise of ROS level could later promote the osteo-
clasts differentiation through the enhancement of RANKL signaling
pathways.
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In conclusion, cerium(III) ions could promote the RANKL dependent
osteoclastogenesis characterized by TRAP and FAK staining as well as
osteoclasts differentiation related genes and proteins expression. Anions
associated with the cerium(III) have no effects on the differentiation of
osteoclasts. The cerium(III) promoted osteoclasts exhibited enhanced
bone resorption capability. The mechanism underlying the promotion
of osteoclastogenesis was ascribed to the cerium(IIl) stimulated en-
hancement of expression and activity of Noxl which caused the ele-
vation of ROS level in the osteoclasts (Fig. 10). This study provided
fundamental information for recognizing the potential effects of cerium
(II) on the metabolism homeostasis of skeletal system which could be
useful for future application of cerium(III) in biomedical researches.
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