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Background: Cerium oxide nanoparticles (CeO,NPs) are potent scavengers of cellular
reactive oxygen species (ROS). Their antioxidant properties make CeO,NPs promising
therapeutic agents for bone diseases and bone tissue engineering. However, the effects of
CeO,NPs on intracellular ROS production in osteoclasts (OCs) are still unclear. Numerous
studies have reported that intracellular ROS are essential for osteoclastogenesis. The aim of
this study was to explore the effects of CeO,NPs on osteoclast differentiation and the
potential underlying mechanisms.

Methods: The bidirectional modulation of osteoclast differentiation by CeO,NPs was
explored by different methods, such as fluorescence microscopy, scanning electron micro-
scopy (SEM), transmission electron microscopy (TEM), quantitative real-time polymerase
chain reaction (QRT-PCR), and Western blotting. The cytotoxic and proapoptotic effects of
CeO,NPs were detected by cell counting kit (CCK-8) assay, TdT-mediated dUTP nick-end
labeling (TUNEL) assay, and flow cytometry.

Results: The results of this study demonstrated that although CeO,NPs were capable of
scavenging ROS in acellular environments, they facilitated the production of ROS in the
acidic cellular environment during receptor activator of nuclear factor kappa-B ligand
(RANKL)-dependent osteoclast differentiation of bone marrow-derived macrophages
(BMMs). CeO,NPs at lower concentrations (4.0 pg/mL to 8.0 pg/mL) promoted osteoclast
formation, as shown by increased expression of Nfatcl and C-Fos, F-actin ring formation
and bone resorption. However, at higher concentrations (greater than 16.0 pg/mL), CeO,NPs
inhibited osteoclast differentiation and promoted apoptosis of BMMs by reducing Bcl2
expression and increasing the expression of cleaved caspase-3, which may be due to the
overproduction of ROS.

Conclusion: This study demonstrates that CeO,NPs facilitate osteoclast formation at lower
concentrations while inhibiting osteoclastogenesis in vitro by inducing the apoptosis of
BMMs at higher concentrations by modulating cellular ROS levels.

Keywords: cerium oxide nanoparticles, osteoclast, osteoclastogenesis, ROS, apoptosis

Introduction

As one of the lanthanide elements, cerium (Ce) is the most abundant among the
rare-carth elements. The metal oxide form of Ce, cerium oxide, enables quick and
regenerative redox cycling between two oxidation states, Ce** and Ce*", due to the
oxygen vacancies in its crystal lattice, which endows cerium oxide with robust
catalytic activity." In addition, because of the high surface-volume ratio and mono-
dispersion, an increased number of stable surface oxygen vacancies are found in
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cerium oxide nanoparticles (CeO,NPs) compared with
those of cerium oxide bulk material when they reach the
nanoscale (less than 100 nm).>* Hence, the exposed sur-
face oxygen vacancies in CeO,NPs act as reaction sites,
facilitate redox cycling and enhance catalytic activity.
CeO,NPs are
mimetic,™® superoxide dismutase-mimetic,”® peroxidase-

multienzymes that possess catalase-
mimetic activities” when applied in cell culture and animal
experiments. In most reports, CeO,NPs scavenge reactive
oxygen species (ROS), including hydrogen peroxide and
free radicals, such as-OH, 02',-NO, within the cellular
environment, thus attenuating ROS production and organ
dysfunction in ROS-related diseases, including myocardial
damage, systemic inflammatory reaction syndrome, psor-

10-14 However, there are also

iasis and Alzheimer’s disease.
other reports demonstrating that in some acidic environ-
ments, such as cancer cells, CeO,NPs exhibit oxidase-like
activity, enhancing intracellular ROS production and cell
toxicity.!> "’

In recent years, many researchers have explored the appli-
cation of CeO,NPs in bone regeneration and bone tissue
engineering. Many researchers have focused on mesenchymal
stem cells and osteogenesis. Previous studies demonstrated
that CeO,NPs alone or CeO,NPs composed of implant coating
and scaffolds facilitate cell viability and osteoblastic differen-
tiation of bone mesenchymal stem cells (BMSCs) by scaven-
ging ROS in the cell microenvironment.'®>* In this regard,
CeO,NPs seem to have some promising effects on bone
volume maintenance and bone defect repair. However, the
effects of CeO,NPs on osteoclastogenesis have not yet been
clearly explored. Few studies have focused on the effects of
CeO,NPs on osteoclast (OC) formation. A previous report
indicated that citrate-stabilized CeO,NPs at a concentration
of 5 uM facilitated receptor activator of nuclear factor kappa-
B ligand (RANKL)-dependent osteoclastogenesis by upregu-
lating the expression of Tumor necrosis factor alpha (TNF-a);
however, this study did not detect intracellular ROS levels or
relative pathway activation.”* Thus, it is important to clarify
the effects of CeO,NPs on osteoclastogenesis for better eva-
luation of the practicability of CeO,NP-related therapy.

Although excessive production of cellular ROS causes
lipid peroxidation, protein denaturation, and nucleic acid
damage, leading to cell apoptosis and death, increasing
evidence confirms that physiological ROS levels play
a crucial role in osteoclastogenesis.”> >* Osteoclasts are
mainly derived from bone marrow-derived macrophages
(BMMs). Under the stimulation of two indispensable fac-
tors for osteoclastogenesis, macrophage colony-stimulating

factor (M-CSF) and RANKL, endogenous ROS production
in BMMs
downstream signaling pathways, including the mitogen-
activated protein kinase (MAPK) pathway and NF-«B path-
way, and ultimately contributes to BMMs fusion into large

is activated, followed by activation of

multinucleated mature osteoclasts.?®>° Lee, N. K found
that ROS levels in BMMs were significantly elevated and
peaked at 10 min after RANKL stimulation. After treatment
with N-acetylcysteine (NAC), a chemical antioxidant,
RANKL-stimulated ROS production in BMMs was signifi-
cantly inhibited in a dose-dependent manner.>* In addition,
accompanied by the fusion of BMMs, the expression of
carbonic anhydrase II is also highly elevated, leading to
acidification of osteoclasts and a reduced pH cellular envir-
which enable the

osteoclasts.®! Although previous studies have demonstrated

onment, absorptive function of
that CeO,NPs scavenge ROS in macrophages in other
organs, such as Kupffer cells,'® the ROS scavenging cap-
ability of CeO,NPs has not been elucidated in acidic
osteoclasts.

Recent studies have demonstrated that the ROS-
scavenging ability of CeO,NPs was converted into oxidative
activity in acidic environments, such as in comparatively
acidic cancer cells.**>* The redox cycle from Ce®" to Ce*"
is blocked by excessive H, resulting in blockade of catalytic
activity and accumulation of H,O, in the cellular microen-
vironment, ultimately leading to cell damage and
dysfunction.>> Wason MS found that pretreatment with
10 uM CeO,NPs enhanced ROS production in response to
radiation in acidic acellular medium and acidic pancreatic
cancer cells.'® This suggests that CeO,NPs, which are potent
ROS scavengers, might demonstrate ROS-promoting effects
during osteoclastogenesis.

In this study, we utilized CeO,NPs with an average
diameter of 20 nm at different concentrations to investi-
gate their potential regulatory effects on ROS production

and signal transduction during osteoclastogenesis.

Materials and Methods

Characterization of CeO,NPs

CeO,NPs were purchased from Engi-Mat (Lexington,
Kentucky, USA). The purity of the cerium oxide nanopar-
ticles was greater than 99.9%. The crystallinity was deter-
mined by X-ray diffraction (XRD, Rigaku Corporation,
RigakuD/Max-2200 PC, Japan). The surface chemical com-
position and valence state of CeO,NPs were determined by
X-ray photoelectron spectroscopy (XPS, Thermo Scientific,
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ESCALAB 250, USA). The crystal structure and size were
observed by transmission electron microscopy (TEM,
Thermo Scientific, FEI Talos L120C, USA). The crystal
size observed by XRD was calculated according to the
Scherrer equation.*

Electron Spin Resonance (ESR)

An ESR paramagnetic spectrometer (JEOL, JEOL-FA200,
Japan) was used to detect the ROS scavenging ability of
CeO;,NPs in the acellular environment according to the
manufacturer’s instructions for 5,5'-dimethylpyrroline
N-oxide (DMPO, Dojindo, Japan). For hydroxyl radical
scavenging measurements, CeO,NPs at a final concentra-
tion of 256 mg/L were incubated with 100 mM DMPO,
0.05 U/mL xanthine oxidase (Solarbio Life Science,
China) and 0.5 mM hypoxanthine (Solarbio Life Science,
China) in water for 1 min, and then hydroxyl radicals were
determined by ESR. To induce superoxide radicals for
scavenging measurement, CeO,NPs at a final concentra-
tion of 256 mg/L were incubated with 100 mM DMPO,
0.05 U/mL xanthine oxidase, 0.5 mM hypoxanthine, in
100% ethanol for 1 min, and then the level of O* was
determined by ESR.

Cell Culture

BMM s were isolated as previously described.’” C57BL/6
mice (4-week-old, male) were purchased from Shanghai
SIPPR-Bk Lab Animal Company. All animal experiments
were approved by the Animal Ethical Committee of
Shanghai Ninth People’s Hospital. In brief, all mice were
sacrificed by cervical dislocation, then tibiae and femora
were harvested. Bone marrow cells were rinsed, added to
culture plate and then cultured in o-MEM medium
(HyClone, USA) containing 10% fetal bovine serum
(Gibco, USA), 1% penicillin-streptomycin solution
(HyClone, USA) and 30 ng/mL M-CSF (R&D, USA) at
5% CO, and 37 °C for 6 days. The culture medium
containing M-CSF (30 ng/mL) was replaced every
2 days. For CeO,NP treatment, CeO,NPs were dispersed
in sterile double distilled water (ddH,O) and treated with
ultrasonic treatment for 10 min before being added to the
culture medium.

Cellular Internalization of CeO,NPs

Cellular internalization of CeO,NPs was observed by
TEM (FEI Talos L120C, Thermo Scientific, USA).
Briefly, BMMs were treated with various concentrations of
CeO,NPs for the indicated times, fixed with 2.5%

glutaraldehyde and 4% osmic acid and dehydrated in
graded ethanol. Then, the cells were permeated with
resin and polymerized with a resin column at 65 °C for
2 days. After this, resin columns were sliced, stained and
observed by TEM.

Cell Viability Assay

The cell viability of BMMs that were treated with CeO,
NPs was determined using a Cell Counting Kit (CCK-8,
Dojindo Laboratories, Japan) assay. Cells were seeded in
96-well culture plates at a density of 1x10* cells per well.
After incubating with different concentrations of CeO,NPs
for 24 h, 48 h, 72 h, and 120 h, the medium was replaced
with fresh culture medium containing 1/10 (v/v) CCK-8
solution and further incubated at 37°C for 3 h. Then, the
absorbance was measured at 450 nm using a microplate
reader (Tecan, M200pro, Switzerland).

Tartrate-Resistant Acid Phosphatase
(TRAP) Staining Assay

BMM s were seeded in 96-well culture plates (1x10* cells
per well) and incubated with a-MEM medium containing
M-CSF (30 ng/mL) for 24 h. The cells were pretreated
with different concentrations of CeO,NPs for another
24 h. Subsequently, the culture medium was replaced with
fresh culture medium containing M-CSF (30 ng/mL) and
RANKL (50 ng/mL), and the cells were incubated for
6 days.’” The culture medium containing M-CSF,
RANKL and different concentrations of CeO,NPs was
replaced every 2 days. On day 4, the cells were fixed in
4% paraformaldehyde solution at 37°C for 20 min and then
stained with a TRAP staining kit (Sigma-Aldrich, USA)
according to the manufacturer’s procedures. After staining,
the number and area of TRAP+ osteoclasts containing 3 or
more nuclei were observed by open-field microscopy
(Olympus, IX71, Japan) and analyzed by Imagel software
(NIH, Bethesda, Maryland, USA).

Actin Ring Formation Assay

BMMs were seeded in 96-well culture plates (1x10* per
well), cultured in complete o-MEM medium and treated
with different concentrations of CeO,NPs in the presence
of M-CSF and RANKL for 6 days. After this, the cells were
fixed in 4% paraformaldehyde solution for 1 h and washed
with PBS 3 times. Then, the cells were stained with rhoda-
mine-conjugated phalloidin (Abcam, UK) for 30 min and
subsequently stained with 4',6-diamidino-2-phenylindole
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(DAPI, Sigma-Aldrich, USA) for 10 min and washed with
PBS 3 times. Finally, the actin rings were observed and
imaged using a fluorescence microscope (Olympus, 1X71,
Japan).

Bone Resorption Assay

The bovine bone slices were sterilized by ethylene oxide
sterilization and then soaked in culture medium in a 96-well
culture plate for 24 h to remove residual ethylene oxide.
Then, BMMs (1x10* cells per well) were seeded on the
bovine bone slices and were pretreated with different con-
centrations of CeO,NPs (0, 4, 8, 16, and 32 mg/L). After
this, the cells were cultured in the presence of M-CSF
(30 ng/mL) and RANKL (50 ng/mL) for 2 weeks. The
culture medium containing different concentrations of
CeO,;NPs, M-CSF and RANKL was replaced every
2 days. After 2 weeks, the cells on the slices were removed
using 0.25% EDTA-Trypsin, and the bone slices were dehy-
drated by gradient dehydration and then coated with gold
for observation under a scanning electron microscope
(SEM, HITACHI, S4800, Japan).®’

Intracellular pH Measurement

The intracellular pH of BMMs and osteoclasts was mea-
sured using a pH-sensitive fluorescent probe, 2',7'-bis
-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxy-
methyl ester (BCECF-AM, Beyotime Biotechnology,
China) and the nigericin calibration method.*® Briefly,
BMMs were seeded in flat clear-bottom black 96-well
microplates (Corning, USA) at a density of 2x10% cells
per well and pretreated with various concentrations of
CeO,NPs for 24 h. Then, the cells were stimulated with
M-CSF (30 ng/mL) and RANKL (50 ng/mL) for 2 or 4
days. On day 2 or day 4, the cells were washed with Hanks
balanced salt solution (HBSS) 3 times and then incubated
in HBSS with 3 pM BCECF-AM at 37 °C in 5% CO, for
30 min. Then, the cells were washed with prewarmed
HBSS at pH 7.0 3 times. The fluorescence was determined
using a microplate reader (Tecan, M200pro, Switzerland)
with an emission wavelength of 535 nm and dual-
excitation wavelengths of 490 nm and 430 nm. BMMs
were also calibrated in Na*-free calibration solution (135
mM KCI, 2 mM K,HPO,, 20 mM HEPES, 1.2 mM CaCl,,
0.8 mM MgSO,, and 10 uM nigericin) with different pH
values (5.5, 6.0, 6.5, 7.0, 7.5, and 8.0) 5 times, and dual-
excitation fluorescence measurements were performed to
obtain a standard curve. Intracellular pH (pH;) was calcu-
lated according to the standard curve.

Quantitative Real-Time Polymerase Chain

Reaction (qRT-PCR)

qRT-PCR was performed as previously described.”
BMMs were cultured in 6-well culture plates (3x10°
cells per well) and pretreated with various concentrations
of CeO,NPs for 24 h. Then, the cells were stimulated with
M-CSF (30 ng/mL) and RANKL (50 ng/mL) for 3 days.
Total RNA from BMMs was isolated using Trizol reagent
(Life Technologies, USA), and 1 pg of total RNA template
was transcribed into c¢cDNA using All-in-One cDNA
Synthesis SuperMix (Bimake, USA). Real-time PCR was
performed by using SYBR Green qPCR Master Mix
(Bimake, USA) on a Real-Time PCR platform (Applied
Biosystems, ABI 7500, USA). All genes measured were
normalized to beta-actin and calculated by the 2 44¢
method. The primers we used for analysis are listed in
Table 1.

Western Blotting

Western blotting was performed as previously described.*’
BMMs were seeded in 6-well culture plates (8x10° cells per
well) overnight. The cells were administered different concen-
trations of CeO,NPs and subsequently cultured in the presence
or absence of RANKL for the indicated times. After this, the
cells were washed once with PBS, lysed in cold SDS lysis
buffer containing 1 mM phenylmethanesulfonyl fluoride
(PMSEF, Beyotime Biotechnology, China) and phosphatase
inhibitors (Bimake, USA), and centrifuged at 12,000 rcf for
10 min. The total protein concentration was determined using
a BCA protein assay kit (Beyotime Biotechnology, China). An
equal amount of protein (20 pg) was separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to a polyvinylidene fluoride membrane (Millipore,
USA). The membrane was blocked in 5% skim milk, incu-
bated in primary antibody solution overnight, incubated in
appropriate secondary antibody and detected by an infrared
imaging system (Odyssey, USA). For P38, ERK, and JNK
detection, the same membrane was probed for p-P38, p-ERK,
and p-JNK, stripped and reincubated. The primary antibodies
used were as follows: Nfatcl (Santa Cruz Biotechnology, sc-
7294, USA, 1:1000), p-Nfatc1 (Affinity Biosciences, AF8012,
USA, 1:1000), GAPDH (Affinity Biosciences, AF7021, USA,
1:1000), Lamin B1 (Cell Signaling Technology, 13,435, USA,
1:1000), p-ERK (Cell Signaling Technology, 4370,
USA, 1:1000), ERK (Cell Signaling Technology, 4695,
USA, 1:1000), p-JNK (Cell Signaling Technology,
4668, USA, 1:1000), INK (Cell Signaling Technology, 9252,
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Table | Primer Sequences for qRT-PCR

Gene Forward Primer Sequence (5'-3') Reverse Primer Sequence (5'-3')
Acp5 CACTCCCACCCTGAGATTTGT CATCGTCTGCACGGTTCTG

Ctsk GGACCCATCTCTGTGTCCAT CCGAGCCAAGAGAGCATATC
C-Fos CCAGTCAAGAGCATCAGCAA AAGTAGTGCAGCCCGGAGTA
Calcr CGGACTTTGACACAGCAGAA AGCAGCAATCGACAAGGAGT
Trafé AAACCACGAAGAGGTCATGG GCGGGTAGAGACTTCACAGC
Dcstamp AAAACCCTTGGGCTGTTCTT AATCATGGACGACTCCTTGG
Bcl2 ATGCCTTTGTGGAACTATATGGC GGTATGCACCCAGAGTGATGC
Bax TGAAGACAGGGGCCTTTTTG AATTCGCCGGAGACACTCG

Bad AAGTCCGATCCCGGAATCC GCTCACTCGGCTCAAACTCT
Ca2 TCCCACCACTGGGGATACAG CTCTTGGACGCAGCTTTATCATA
Beta-actin AGAGGGAAATCGTGCGTGACA CACTGTGTTGGCATAGAGGTC

Abbreviations: Acp5, acid phosphatase 5; Ctsk, cathepsin K; C-Fos, proto-oncogene C-Fos; Calcr, calcitonin receptor; Trafé, TNF
receptor-associated factor 6; Dcstamp, dendrocyte expressed seven transmembrane protein; Bcl2, BCL2 apoptosis regulator; Bax,
BCL2-associated X, apoptosis regulator; Bad, BCL2-associated agonist of cell death; Ca2, carbonic anhydrase 2.

USA, 1:1000), p-P38 (Cell Signaling Technology,
4092, USA, 1:1000), P38 (Cell Signaling Technology, 9212,
USA, 1:1000), p-IKKa/B (Cell Signaling Technology, 2697,
USA, 1:1000), IKKa (Cell Signaling Technology, 2682, USA,
1:1000), p-IKBa (Cell Signaling Technology, 2859, USA,
1:1000), IKBoa (Cell Signaling Technology, 4812,
USA, 1:1000), p-P65 (Cell Signaling Technology, 3033,
USA, 1:1000), P65 (Cell Signaling Technology, 8242, USA,
1:1000), Bcl2 (Abcam, ab32124, UK, 1:1000), cleaved-
Caspase3 (Cell Signaling Technology, 9661, USA, 1:1000),
Caspase3 (Cell Signaling Technology, 9662, USA, 1:1000),
and B-Actin (Cell Signaling Technology, 4970, USA, 1:1000).

Intracellular ROS Assay

Intracellular ROS production was determined as previously
described.?® Briefly, BMMs were seeded in 35 mm dishes,
pretreated with different concentrations of CeO,NPs for
24 h and then stimulated with RANKL (50 ng/mL) and
M-CSF (30 ng/mL) for the indicated times. For ROS detec-
tion, the cells were washed with PBS 3 times. Then, the
cells were probed with 10 uM DCFH-DA (Beyotime
Biotechnology, China) dissolved in HBSS for 30 min and
washed 3 times. Then, the cells were observed under a laser
confocal scanning microscope (LCSM, Leica, Germany).
For early-stage ROS measurement, BMMs were pretreated
with various concentrations of CeO,NPs and probed with
10 uM DCFH-DA for 30 min. Then, the cells were trans-
ferred from the plate to sterile tubes with 0.25% EDTA-free
trypsin, stimulated with HBSS containing 30 ng/mL
RANKL for 10 min and immediately subjected to flow
cytometry on a flow cytometer (BD Bioscience,
LSRFortessa, USA). The fluorescence of DCF was

measured with an excitation wavelength of 488 nm with
an emission wavelength ranging from 515 nm to 540 nm.

In vitro TUNEL Assay

BMM apoptosis was determined by using a One-Step
TUNEL Assay Kit (Beyotime Biotechnology, C1086,
China) according to the manufacturer’s procedures.
Briefly, BMMs were seeded in 35 mm confocal dishes and
pretreated with various concentrations of CeO,NPs for 48
h. Then, the cells were washed once with PBS and fixed
with 4% paraformaldehyde for 1 h. After this, PBS with
0.3% Triton X-100 was used to permeabilize the cells.
Then, the cells were incubated in TUNEL staining solution
for 1 h and subsequently stained with DAPI solution.
Finally, the cells were washed with PBS 3 times and
observed under a laser confocal scanning microscope
(LCSM, Leica, Germany). For TUNEL detection, the exci-
tation wavelength and the emission wavelength were set at
488 nm and 520 nm, respectively. For DAPI detection, the
excitation wavelength and the emission wavelength were
set at 400 nm and 488 nm, respectively.

Flow Cytometry to Analyze BMM
Apoptosis

BMMs were seeded in 6-well culture plates (5x10° cells
per well) and treated with various concentrations of CeO,
NPs, M-CSF (30 ng/mL) and RANKL (50 ng/mL) for 48
h. Then, BMMs were collected using EDTA-free trypsin
and stained with Annexin V-FITC/propidium iodide (PI)
double (BD Bioscience, USA) according to the manufac-
turer’s procedures. After this, the cell suspension was
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subjected to flow cytometry on a flow cytometer (BD
Bioscience, LSR Fortessa, USA).

Statistical Analysis

All data in the experiments were analyzed with SPSS
13.0 (Statistical
Sciences, USA) and are presented as the means + stan-

software Package for the Social
dard deviation. We used one-way analysis of variance
(ANOVA) followed by a Tukey’s test to compare multi-
group parametric data. The level of statistical significance
was set at P<0.05. # and * indicate P<0.05 when compar-
ing the control group with the vehicle group and the
treated groups with the vehicle groups, respectively. ##
and ** indicate P<0.01 when comparing the control
group with the vehicle group and the treated groups

with the vehicle groups, respectively.

Results

Characterization of CeO,NPs

The morphology and size of CeO,NPs were observed by
TEM. Figure 1A showed that CeO,NPs presented
a cubic structure. Figure 1B demonstrated that the dia-
meter of CeO,NPs ranged from 5 nm to 35 nm, with
a mean diameter of 17 nm. XPS results (Figure 1C-E)
showed that the relative levels of Ce4+, Ce3+, and oxy-
gen vacancies were 73%, 27%, and 19.67%, respec-
tively. XRD measurements (Figure 1F) further
validated the size distribution of CeO,NPs, with a 23.8
nm mean Scherrer diameter. These results suggest that
the CeO,NPs used in this experiment had a relatively
high Ce*" content and oxygen vacancies and might be
a possible ROS scavenger.

ROS Scavenging Ability of CeO,NPs in an

Acellular Environment

To validate the ROS scavenging ability of CeO,NPs, we
used ESR to test the hydroxyl radical and superoxide
radical scavenging ability of CeO,NPs. Xanthine oxidase
oxidizes hypoxanthine and generates hydroxyl radicals and
superoxide radicals in water and ethanol solutions, respec-
tively. In contrast to the blank control without CeO,NPs,
CeO,NPs (256 mg/L) effectively reduced the peak ampli-
tude of ESR signals of the hydroxyl radical (59%) and
superoxide radical (35%) (Figure 1G and H). These results
suggest that CeO,NPs attenuate ROS production in acel-
lular HX/XO systems.

Effects of CeO,NPs on the Viability of
BMMs

To determine the cell viability and proliferation of BMMs at
various concentrations of CeO,NPs, we used the CCK-8
assay in this experiment (Figure 2A). CeO,NPs showed no
evident cytotoxic effects on cell viability or proliferation
until reaching a threshold of 128 mg/L after 1 and 2 days.
And CeO,NPs showed cytotoxic effects on BMMs when
the concentration of CeO,NPs was above 64 mg/L after
3 and 5 days. Due to this result, the concentrations of CeO,
NPs used to pretreat the BMMs were no greater than 64 mg/
L. These results also indicate that CeO,NPs are a potential
biocompatible nanomedicine or delivery tool.

Cellular Internalization of CeO,NPs

Cellular internalization of CeO,NPs was observed by
TEM. As shown in Figure 2B, after treatment with CeO,
NPs for 24 h, CeO,NPs that were internalized by BMMs
were found mainly in the cytoplasm and lysosomes
(Figure 2C). Most cells in the 8 and 16 mg/L CeO,NPs
groups maintained normal cellular morphology. However,
in the 64 mg/L CeO,NPs group, some cells were filled
with a large number of CeO,NPs, and normal structure of
other organelles was absent in these cells (Figure 2B). We
also found that CeO,NPs entered the nucleus and dis-
rupted the integrity of the cell membrane and organelles
(Figure 2C). These results indicate that CeO,NPs are inter-
nalized by BMMs and distributed in the cytoplasm, lyso-
somes and nucleus. In addition, relatively high
concentrations of CeO,NPs resulted in the destruction of

cellular structure.

CeO;,NPs Modulate RANKL-Dependent
Osteoclast Formation in a Bidirectional

Manner

The effects of CeO,NPs on osteoclast formation were mea-
sured using the TRAP staining assay. After pretreatment with
various concentrations (0, 4, 8, 16, 32, and 64 mg/L) of CeO,
NPs, BMMs were cultured in the presence of M-CSF (30 ng/
mL) and RANKL (50 ng/mL) for 4 days until TRAP staining.
Figure 3A demonstrates that CeO,NPs treatment facilitated
RANKUL-dependent osteoclast formation at lower concentra-
tions (4.0 mg/L to 8.0 mg/L), with an increased average size
of the formed osteoclasts. However, at higher concentrations
(16.0 mg/L to 64 mg/L), we observed inhibitory effects of
CeO,NPs on osteoclast formation. The average number and
area were also counted. Figure 3B and C show that the
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Figure | Characterization of CeO,NPs and the ROS scavenging ability of CeO,NPs in acellular environments.

Notes: (A) Morphology of CeO,NPs was observed by TEM. Scale bar = 100 nm (B) Size distribution of CeO,NPs was measured by TEM. (C) Full XPS spectra of CeO,NPs. (D)
Development of Ce 3d XPS spectra and fitted Ce 3d XPS spectra. (E) Analysis results of the relative content of oxygen vacancies. (F) XRD pattern of CeO,NPs. (G) Superoxide
radicals that were generated by 0.5 mM hypoxanthine and 0.05 U/mL xanthine oxidase in ethanol solution and superoxide radicals that were scavenged by 256 mg/L CeO,NPs. (H)
Hydroxyl radicals that were generated by 0.5 mM hypoxanthine and 0.05 U/mL xanthine oxidase in water solution and hydroxyl radicals that were scavenged by 256 mg/L CeO,NPs.

Abbreviations: HX, hypoxanthine; XO, xanthine oxidase.

average number of multinucleated osteoclasts (>3 nuclei) per
field increased from 35.6 at 4 mg/L and slightly decreased to
23.3 at 8 mg/L, followed by a declining trend from 33 to 14.6
when the CeO,NPs concentration increased from 16 mg/L to
64 mg/L. Additionally, CeO,NPs increased the size of differ-
entiated OCs from 1.0-fold (control) to 2.3-fold (4 mg/L) and
6.20-fold (8 mg/L) and subsequently inhibited the size of OCs
from 2.4-fold (16 mg/L) to 1.4-fold (32 mg/L) and 0.42-fold
(64 mg/L) in a dose-dependent manner. These results

demonstrate that CeO,NPs modulate RANKL-dependent
osteoclast formation in a bidirectional manner.

Bidirectional Effects of CeO,NPs on

Actin Ring Formation

Under RANKL stimulation, BMMs differentiate into mature
OCs, which are able to resorb bone matrix. We investigated
the effects of CeO,NPs at the former concentrations on actin
ring formation. As shown in Figure 3D-F, stimulation with
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Figure 2 Effects of CeO,NPs on cell viability of BMMs and CeO,NP internalization by BMMs.

Notes: (A) Cell viability of BMMs that were treated with various concentrations of CeO,NPs for 24 h, 48 h, 72 h, 120 h was measured by CCK-8 assay. (B) Representative
low-magnification TEM images of BMMs that were treated with 16, 32, and 64 mg/L CeO,NPs for 24 h. Scale bar = 5 pM. (C) Representative high-magnification TEM images
of the intracellular distribution of CeO,NPs in the cytoplasm, lysosome, and nucleus. Scale bar = | uM. CeO,NPs are indicated by black arrows. *Indicates p<0.05 compared
with the control group (0 mg/L, RANKL-).

Abbreviations: mit, mitochondria; Ly, lysosome; CM, cell membrane; N, nucleus.

CeO,NPs increased the average area of actin rings from average number of nuclei per OC also peaked at 56.97
1.0-fold (control) to 1.8-fold (4 mg/L) and 3.1-fold (8 mg/L), (8 mg/L) and declined to 9.94 (64 mg/L). Collectively, these
which subsequently declined from 0.7-fold (16 mg/L) to  results indicate that CeO,NPs modulates mature OC formation
0.5-fold (32 mg/L) and 0.4-fold (32 mg/L). Similarly, the in a bidirectional manner.
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Figure 3 CeO,NPs modulate RANKL-dependent osteoclastogenesis in vitro by facilitating osteoclast formation at lower concentrations and inhibiting osteoclastogenesis at
higher concentrations.

Notes: (A) Representative images of TRAP staining. BMMs were stimulated with RANKL (50 ng/mL) for 4 days in the absence or presence of various concentrations of
CeO,NPs. Scale bar = 8 yM. (B) Quantification of TRAP-positive multinucleated osteoclasts that were treated with different concentrations of CeO,NPs for 4 days. (C)
Quantification of the average area of TRAP-positive multinucleated osteoclasts in different groups. (D) Representative images of increased F-actin ring formation in
osteoclasts that were treated with lower concentrations of CeO,NPs (4 and 8 mg/L) and impaired F-actin ring formation in osteoclasts that were treated with higher
concentrations of CeO,NPs (16, 32, and 64 mg/L). Scale bar = 20 uM. (E) Quantification of the number of nuclei per osteoclast. (F) Quantification of the relative area of the
F-actin ring of osteoclasts. (G) Representative SEM images of bone resorption after treatment with different concentrations of CeO,NPs for |14 days. Scale bar = 100 yM
(H) Quantification of resorbed bone slice area in the different groups. All bar graphs are presented as the mean * SD. *Indicates p<0.05 compared with the control group (0

mg/L, RANKL+). **Indicates p<0.0l compared with the control group (0 mg/L, RANKL+).

CeO,NPs Modulated Osteoclast

Resorptive Activity

To further validate the effects of CeO,NPs on the bone
resorptive activity of OCs, we performed bone resorption
tests using bovine bone slices. In contrast to the resorptive
function of the control, the bone resorptive function of
OCs was enhanced at lower concentrations (from 4 mg/L
to 8 mg/L) of CeO,NPs, whereas higher concentrations
(from 16 mg/L to 64 mg/L) led to decreased resorptive
function (Figure 3G). Resorption area analysis (Figure 3H)
showed that the percentage resorption area per field
increased from 25.48% + 0.79% (0 mg/L) to 38.94% =+
0.66% (4 mg/L) and 69.23% + 2.36% (8 mg/L) and then
declined to 33.01% + 8.72% (16 mg/L) and 20.85% =+
4.81% (32 mg/L). These results further confirmed that
CeO,NPs modulate the resorptive activity of OCs in
a bidirectional manner.

CeO;,NPs Increased ROS Levels in BMMs

During Osteoclastogenesis

According to previous studies, ROS play a crucial role in the
initiation of osteoclastogenesis; ROS act as intracellular
messenger molecules to activate the downstream MAPK
and NF-«xB signaling pathways and then initiate osteoclas-
togenesis. CeO,NPs are well known for their ROS modulat-
ing ability. To verify the ROS modulation effects of CeO,
NPs in osteoclastogenesis, we determined the ROS level in
BMMs under the stimulation of RANKL and various con-
centrations of CeO,NPs using a sensitive intracellular ROS
probe, DCFH-DA. As shown in Figure 4A, the average ROS
level of BMMs that were pretreated with different concen-
trations of CeO,NPs (0, 8, 16, 32, and 64 mg/L) increased in
a dose-dependent manner after treatment with RANKL for
2 days. Similar results were found when we performed
intracellular ROS measurements using flow cytometry in
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Figure 4 CeO,NP stimulation increases the intracellular ROS level in BMMs during osteoclastogenesis.

Notes: (A) Representative confocal images of RANKL-induced intracellular ROS generation in BMMs with or without pretreatment with CeO,NPs. BMMs were pretreated
with or without CeO,NPs and stimulated with or without RANKL for 2 days. BMMs were probed with the ROS-sensitive probe DCFH-DA. Intracellular ROS were detected
in the form of fluorescent DCF. Scale bar = 100 yM. (B) Intracellular ROS generation in BMMs with or without pretreatment with CeO,NPs was detected by flow
cytometry. BMMs were pretreated with various concentrations of CeO,NPs, dyed with DCFH-DA, removed from the culture plate with 0.25% trypsin and stimulated with

or without RANKL for 10 min before flow cytometry analysis.

BMMs that were treated with RANKL for 10 min (Figure
4B). The increasing dose of CeO,NPs increased the percen-
tage of the high ROS subset of BMMs from 46.7% to 61.0%
after stimulation with RANKL. Collectively, these results
indicate that CeO,NP treatment increases the intracellular
ROS level of BMMs in the early and middle stages of
RANKIL-dependent osteoclastogenesis.

CeO,NPs Modulate the Acidification

Process in OCs

During osteoclastogenesis, RANKL stimulation upregu-
lates the gene expression of carbonic anhydrase 11 (CAII),
which produces a large amount of H™ and decreases the pH
of the cytoplasm of OCs. H' is further pumped into the
resorption compartment to maintain an acidic environment,
which is vital for the resorption function of osteoclasts.”'
Moreover, an acidic cellular environment induces the pro-
duction of ROS by CeO,NPs.'***3*4! We detected the

acidification-related gene expression of CAIl by qPCR
(Figure 5A). CAII was significantly upregulated by lower
concentrations of CeO,NPs (4, 8, and 16 mg/L). We also
measured the intracellular pH of BMMs and OCs under
stimulation with various concentrations of CeO,NPs and
RANKL on day 2 and day 4 (Figure 5B and C). The pH of
BMMs on day 2 showed a decreasing trend when the con-
centrations of CeO,NPs increased from 0 to 8 mg/L and
then steadily rose when concentrations of CeO,NPs
increased from 16 to 64 mg/L. On the 4th day, OCs that
were stimulated with 4, 8, and 16 mg/L CeO,NPs showed
significantly lower pH values (6.569 + 0.01, 6.428 + 0.10,
6.49 = 0.05) compared with those of the vehicle group
(6.795 + 0.12). However, for the 32 and 64 mg/L. CeO,NP
groups, the pH of OCs increased compared with that of the
8 mg/L group. In conclusion, CeO,NPs modulate the acid-
ification of OCs in a bidirectional manner. Relatively lower
concentrations of CeO,NPs (4, 8, and 16 mg/L) signifi-
cantly facilitate acidification of BMMs and OCs during
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Figure 5 CeO,NPs bidirectionally modulated intracellular acidification of BMMs during RANKL-dependent osteoclastogenesis.

Notes: (A) qPCR analysis of the gene expression of carbonic anhydrase 2 relative Beta actin in BMMs that were stimulated with or without RANKL in the presence of
various concentrations of CeO,NPs. (B) Calibration plot that correlates the 490 nm/430 nm fluorescence emission intensity ratio of BCECF-AM upon excitation at 530 nm
to pH. (C) Intracellular pH of BMMs and OC were stimulated with various concentrations of CeO,NPs and RANKL for 2 days and 4 days. All bar and line graphs are
presented as the mean % SD. *Indicates p<0.05 compared with the control group (0 mg/L, RANKL-). *Indicates p<0.05 compared with the vehicle group (0 mg/L, RANKL+).
*¥Indicates p<0.01 compared with the vehicle group (0 mg/L, RANKL+).

osteoclastogenesis, but this effect tended to diminish with  determined the expression levels of several osteoclast-

a further increase in CeO,NP concentrations. specific genes using qRT-PCR and detected activation of

the osteoclastogenesis-related signaling pathway by
Bidirectional Regulation of Western blotting. As shown in Figure 6A, expression of
Osteoclast-Specific Gene Expression and  4cps, Crsk, DCSTAMP, Traf6, C-Fos, and Caler in BMMs
Signaling Pathways b)’ CeOZN Ps was upregulated in the presence of RANKL. These genes

To further investigate the mechanisms of the bidirectional ~ were further upregulated by lower concentrations of CeO,
regulatory effects of CeO,NPs on osteoclastogenesis, we  NPs compared with those of the vehicle group, peaking at
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Figure 6 CeO,NPs modulate osteoclast-specific gene expression via up- or downregulating the MAPK pathway, NF-kB pathway, and Nfatc| signaling in a concentration-
dependent manner.

Notes: (A-F) qPCR analysis of expression of the osteoclast-specific genes Acp5, Ctsk, Dcstamp, Trafé, C-fos, and Calcr relative to Beta-actin in BMMs that were stimulated
with RANKL for 4 days in the presence of various concentrations of CeO,NPs (n=3 per group). (G and H) Western blot analysis of the MAPK and NF-«xB pathways. BMMs
were pretreated with different concentrations of CeO,NPs for 24 h before stimulation with RANKL for 20 min. (I) Western blot of the translocation of dephosphorylated
Nfatc| into the nuclei of BMMs. BMMs were pretreated with different concentrations of CeO,NPs for 24 h before stimulation with RANKL for 40 min. All bar graphs are
presented as the mean * SD. *¥Indicates p<0.01 compared with the vehicle group (0 mg/L, RANKL+).
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8 mg/L. With increasing in CeO,NPs concentrations,
nearly all related genes were downregulated in comparison
with those in the 8 mg/L CeO,NPs group.

Activation of the NF-kB and MAPK signaling path-
ways is closely related to RANKL-dependent osteoclasto-
genesis. Therefore. We pretreated BMMs with various
concentrations of CeO,NPs for 24 h and then determined
the expression of IKKa, IKBa, and P65 of the NF-«xB
signaling pathway and ERK, JNK, and P38 of the
MAPK signaling pathway after stimulating pretreated
BMMs with RANKL for 20 min (Figure 6B and C). The
results indicated that phosphorylation of IKKa, IKBa, and
P65 relative to total IKKa, IKBa, and P65 and phosphor-
ylation of ERK, JNK, and P38 relative to total ERK, JNK,
and P38 increased at 4 mg/L, peaked at 8 mg/L, and
subsequently declined from 16 mg/L to 64 mg/L. These
results were consistent with the former characterization of
OC formation, suggesting that the MAPK and NF-xB
pathways were both engaged in the CeO,NP-mediated
bidirectional modulation of osteoclast activation. In addi-
tion, the expression level of a master osteoclast-related
transcription factor, Nfatcl, in BMMs that were stimulated
with RANKL for 40 min (Figure 6D) was determined. We
found that expression of the active nonphosphorylated
form of Nfatcl increased in the presence of RANKL and
treatment with CeO,NPs at concentrations no greater than
8 mg/L and subsequently decreased with CeO,NP treat-
ment at concentrations from 16 mg/L to 64 mg/L.
Collectively, these results revealed the underlying mechan-
isms during the bidirectional modulation of osteoclasts by
CeO,NPs.

CeO;,NPs Facilitated Apoptosis of BMMs

During Osteoclastogenesis

The abovementioned results suggested that CeO,NPs dose-
dependently enhanced intracellular ROS levels in BMMs,
while overloading intracellular ROS may lead to increased
apoptosis and dysfunction of BMMs. To validate this,
TUNEL staining and annexin V-FITC/propidium iodide
(PI) double staining were performed to detect BMM apop-
tosis after treatment with various concentrations of CeO,
NPs (0, 4, 8, 16, 32, and 64 mg/L) with or without RANKL
for 2 days. As shown in Figure 7A and C, CeO,NPs
increased the number of apoptotic cells in a dose-
dependent manner. Few apoptotic cells were observed in
the 0, 4, and 8 mg/L. CeO,NP groups, whereas more apop-
totic cells were detected in the high concentration groups

(16, 32, and 64 mg/L). Flow cytometry analysis of Annexin
V-FITC/PI double staining indicated that early apoptosis
and total apoptosis rates of BMMs increased as the concen-
trations of CeO,NPs increased.

These results were also confirmed by qRT-PCR (Figure
8A) and Western blotting (Figure 8B). The expression of
proapoptotic Bad and Bax was upregulated, especially at
high CeO, concentrations (32 and 64 mg/L), and the anti-
apoptotic gene Bcl-2 was downregulated as the concentra-
tion of CeO,NPs increased. Western blot analysis also
showed that the expression of Bcl2 decreased and the
proapoptotic protein cleaved caspase-3/caspase-3 ratio
increased as the concentration of CeO,NPs increased.
These results suggest that high concentrations of CeO,
NPs lead to cell apoptosis and dysfunction, thus inhibiting
osteoclast formation.

Discussion

Recent years have witnessed the rapid development of
nanomaterial applications in medicine. CeO,NPs are
among the first batch of nanomaterials and have been
explored in medical use. CeO,NPs perform catalase-
mimetic, superoxide dismutase-mimetic and peroxidase-
mimetic activities in biological environments. Their robust,
stable, regenerative and multiple enzymatic reactivities
have been extensively tested in various types of cells and
several pathological processes, such as neural injury, infec-
tion, systemic inflammation, cancer, and bone tissue
engineering.'**'** Generally, CeO,NPs are regarded as
potent ROS scavengers that protect cells from oxidative
stress damage. Extensive studies have explored the effects
of CeO,NPs on the viability of BMSCs, osteoblasts, chon-
drocytes and BMSCs during osteoblastic differentiation.
Some reports indicated that cell viability and osteoblastic
differentiation were enhanced by CeOQ,NPs.'82%44:45
However, these studies indicated that CeO,NPs increase
ROS production in acidic intercellular environments and
exhibit bidirectional regulatory effects on osteoclast differ-
entiation, which suggests that the application of CeO,NPs
should take into account the cellular environment and dose-
dependent effects.

CeO,NPs with a diameter of 20 nm were used in this
study. According to previous studies, surface valence state
and size are important factors in manipulating intracellular
catalytic activity. CeO,NPs with a higher Ce**/Ce’" surface
valence ratio usually showed catalase-mimetic activity,
which depletes intracellular H,O, and protects cells from
oxidative stress.”® In contrast, CeO,NPs with a higher
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Figure 7 CeO,NPs increased the apoptosis of BMMs during RANKL-dependent osteoclastogenesis.

Notes: (A) Representative confocal images of the TUNEL assay of BMMs that were pretreated with different concentrations of CeO,NPs (0, 8, 16, 32, and 64 mg/L) for 24
h and stimulated with or without RANKL for two days. Scale bar = 25 pM. (B) Representative flow cytometry images of Annexin V-FITC/PI double staining of BMMs that
were pretreated with different concentrations of CeO,NPs (0, 8, 16, 32, and 64 mg/L) for 24 h and stimulated with or without RANKL for two days. (C) Quantification of
the apoptotic rate of BMMs (TUNEL-positive nuclei relative to total nuclei). All bar graphs are presented as the mean % SD. *Indicates p<0.01 compared with the control
group (0 mg/L, RANKL-). **Indicates p<0.0| compared with the vehicle group (0 mg/L, RANKL+).

surface Ce®"/Ce*" ratio tended to show SOD-mimetic activ-
ities in the intracellular microenvironment and catalyze
the disproportionate reaction of O to produce excessive
H,0,, which harms cell viability and leads to cell
dysfunction.>®***7 The XPS results revealed that the rela-
tive Ce*" content was 73% and that of Ce®>" was 27%. The
surface oxygen content was approximately 19.67%. The
diameter of CeO,NPs was approximately 20 nm, which
was suitable for cell internalization, which was further
validated by TEM observations. In addition, before cell
experiments, we used ESR to determine the antioxidative
effects of CeO,NPs in acellular environments by measuring
0> and H,0, generated by hypoxanthine and xanthine
oxidase. Our results indicated that the CeO,NPs used in
this study efficiently reduced the production of O* and
H,0,.

Within the bone marrow, macrophages proliferate and
fuse into giant multinucleated mature osteoclasts, which
are responsible for bone resorption and bone remodeling.**
First, we tested the cytotoxic effects of CeO,NPs on
BMMs and found that BMM viability was not obviously
impaired in the presence of up to 64 mg/L CeO,NPs after
two days of culture. Therefore, we chose concentrations of
CeO,NPs below 64 mg/L to perform subsequent experi-
ments. Interestingly, although the number of OCs per field
decreased in the 8 mg/L group compared with that of the
control group, which may be attributed to the extensive
fusion of BMMs into more giant OCs at 8 mg/L, the
results from the osteoclast formation assay and actin ring
formation assay indicated that lower concentrations of
CeO,NPs facilitated more giant osteoclast formation.
However, this facilitating effect reversed the inhibitory
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Figure 8 Effects of CeO2NPs on apoptosis-related gene expression.

Notes: (A—C) qPCR analysis of expression of apoptosis-related genes, including Bax, Bad, and Bc/2. (D) Western blot analysis of Bcl2, cleaved caspase 3 and caspase 3.
BMMs were pretreated with various CeO,NPs (8, 16, 32, and 64 mg/L) for 24 h and then stimulated with or without RANKL for 2 days. All bar graphs are presented as the
mean + SD. *Indicates p<0.01 compared with the control group (0 mg/L, RANKL-). *¥Indicates p<0.01 compared with the vehicle group (0 mg/L, RANKL+).

effect, as demonstrated by the decreased osteoclast number
and area with increasing concentrations of CeO,NPs. This
intriguing result showed the bidirectional effects of CeO,
NPs on osteoclast formation and bone resorption.

The MAPK and NF-xB signaling pathways are two
classical signaling pathways the activation of
osteoclasts.”® Under RANKL stimulation, TNF receptor-
associated factor 6 (Traf6) is activated and then activates

in

the downstream protein kinase TAK1, which subsequently
phosphorylates ERK and IKKa. Phosphorylated ERK and
IKKa further activate the MAPK and NF-«B signaling
pathways and finally activate the essential transcription
factor Nfatcl for osteoclastogenesis.*” ROS directly or
indirectly activate the MAPK and NF-kB signaling
pathways.’*>® Previous studies demonstrated that H,O,
induces reversible oxidation of cysteine residues of IKKa/
B and phosphorylation of IxBa, which subsequently acti-
vates the NF-kB signaling pathway.’**> ROS also induce
the dislocation of Trx from apoptosis signal-regulating
kinase 1 (ASK1), which then phosphorylates JNK and p38

and finally leads to activation of the MAPK signaling
pathway.’*>® Our data showed that pretreatment with lower
CeO,NPs (8 mg/L) enhanced RANKL-induced phosphor-
ylation of ERK, JNK, and P38, thus achieving its facilitat-
ing effects, whereas the phosphorylation of ERK, JNK, and
P38 decreased slightly as the CeO,NP concentrations
further rose. Similar trends were also observed in NF-«B
activation. Nfatcl is a master transcription factor that reg-
ulates downstream osteoclast-specific gene expression. The
Western blotting results showed that lower CeO,NP con-
centrations (4 and 8 mg/L) increased the dephosphorylation
of Nfatcl and facilitated its nuclear translocation, while
higher CeO,NP concentrations (16 and 64 mg/L) decreased
activation of Nfatcl. This result demonstrated that CeO,
NPs generate ROS, activate the downstream MAPK and
NF-kB pathways and finally activate Nfatcl or directly
interact with Nfatcl in the early stage of osteoclastogenesis.
We also measured the downstream genes that are regulated
by Nfatcl, including Acp3, Ctsk, DCSTAMP, Traf6, C-Fos,
and Calcr, and showed an increasing trend in the expression
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of these genes in the lower CeO,NP concentration groups
(4,8 mg/L) and a decreasing trend in expression in the
higher CeO,NP concentration group. These results also
validated the bidirectional modulatory effects of CeO,NPs
on osteoclast activation.

Next, explored the underlying mechanism of the bidir-
ectional effects of CeO,NPs on osteoclastogenesis.
RANKL induces intracellular ROS production in BMMs.
Hence, we determined ROS production using DCFH-DA as
an intracellular ROS probe. Measurement of the ROS-
positive cell ratio indicated that intracellular ROS produc-
tion in BMMs on day 0 and day 2 was increased by RANKL
and further enhanced by CeO,NPs in a dose-dependent
manner. This oxidative effect of CeO,NPs contradicts our
previous ROS scavenging results in the acellular oxidative
system. A distinct characteristic of BMMs and OCs is their
abundance of acidic lysosomes, which are responsible for
antigen phagocytosis and bone resorption. It has been
reported that CeO,NPs facilitate ROS production in acidic
cellular microenvironments, such as various cancer cells.
Because of the Warburg effect, cancer cells tend to generate
energy through glycolysis even in an abundant O, environ-
ment and produce much lactate, resulting in
a comparatively acidic cytoplasm. Wason MS. found that
CeO,NPs enhanced ROS production in pancreatic cancer
cells and increased the sensitization of pancreatic cancer to
radiation therapy.'® Researchers attribute the oxidative
effects of CeO,NPs in acidic environments to protons that
block the redox cycling from Ce®* to Ce**, resulting in
excessive toxic H>O, production in cells. Our TEM results
showed that some CeO,NPs were distributed in lysosomes
after internalization by BMMs. We attribute the increase in
early ROS production in BMMs that were stimulated by
RANKL to the intracellular distribution of CeO,NPs in
acidic lysosomes. Moreover, with activation of osteoclas-
togenesis by RANKL, carbonic anhydrase was highly upre-
gulated in BMMs and further catalyzed the production of
protons, which were then pumped into the acidic compart-
ment to form the acidic bone resorption environment (pH:
4.7-6.8).°° Our qPCR results showed that carbonic anhy-
drase II was significantly upregulated in the lower CeO,NP
concentration groups compared with those of the vehicle
group. In addition, intracellular pH measurements sug-
gested that the intracellular pH of OCs that were treated
with lower concentrations of CeO,NPs was significantly
lower than that of OCs in the vehicle groups, which could
account for the increase in intracellular ROS in OCs during
the middle and late stages of osteoclastogenesis. In

conclusion, intracellular distribution in lysosomes and acid-
ification triggered by RANKL stimulation are initiating
factors that contribute to increased ROS production by
CeO,NPs. ROS production increased by CeO,NPs further
facilitated the osteoclastogenesis and acidification process
of OCs, which further increased the production of ROS by
CeO,NPs in a positive feedback manner. Although previous
suggested that CeO,NPs
dependently increase intracellular ROS production in
BMMs under the stimulation of RANKL, higher concentra-
tions of CeO,NPs inhibited osteoclastogenesis compared

ROS measurements dose-

with lower concentrations of CeO,NPs. We hypothesized
that excessive CeO,NP internalization and subsequent ROS
production leads to disturbances in cell structure and cell
dysfunction and ultimately, cell apoptosis. The TUNEL
assay showed that CeO,NPs resulted in late-stage apoptosis
of BMMs in a dose-dependent manner. This proapoptotic
effect was further confirmed by Annexin V-FITC/PI double
staining, which indicated that higher concentrations of
CeO,NPs facilitate not only late-stage apoptosis but also
early-stage apoptosis of BMMs during RANKL-dependent
osteoclastogenesis. We then measured the expression of
several classic genes that are related to apoptosis through
qPCR and Western blotting. The results indicated that
a high (64 mg/L) concentration of CeO,NP significantly
increased the expression of Bax at the transcriptional level
and that the expression of Bc/2 was decreased at both the
transcriptional and protein levels. The expression of
cleaved caspase-3/caspase-3 was upregulated in the 16
and 32 mg/L concentration groups. These results indicate
that high CeO,NP treatment resulted in cell apoptosis dur-
ing osteoclastogenesis. We hypothesize that the different
outcomes of the CCK-8 and apoptosis experiments can be
accounted for by the acidification and ROS production
triggered by RANKL. Enhanced ROS production by CeO,
NPs cooperates with the acidification of BMMs during
osteoclastogenesis, as we observed in the 8 mg/L group,
leading to the upregulated expression of carbonic anhydrase
and the strongest osteoclast formation. Importantly, in the
highest CeO,NP concentration group (64 mg/L), most gene
expression was inhibited, which might be due to excessive
internalization of CeO,NPs disrupting the normal gene
expression pattern of BMMs. This was again confirmed
by TEM observation, showing the absence of normal orga-
nelle structure in BMMs that were filled with CeO,NPs. We
also found that CeO,NPs were internalized into the nucleus,
which might disrupt normal cell metabolism and gene
expression.
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. . otential of cerium oxide nanoparticles. Nanoscale. 2011;3
This study demonstrated that CeO,NPs with P P

a comparatively increased surface Ce*"/Ce®" ratio bidirec-
tionally modulate RANKL-dependent osteoclastogenesis
which
enhances activation of the MAPK and NF-«B pathways,

by enhancing intracellular ROS production,
followed by activation of Nfatcl and downstream osteo-
clastogenesis-related gene expression at lower CeO,NP
concentrations. The cellular distribution of CeO,NPs in
lysosomes and increasing acidification of cell plasma
may be the factors that initiate and facilitate increased
intracellular ROS production by CeO,NPs. In contrast,
increased concentrations of CeO,NPs led to the obvious
disturbance of cell structure and cell apoptosis. These
findings reminded us that the use of CeO,NPs as drug
delivery vehicles or antioxidant components needs to be
given more attention regarding the cellular environment
and dose-dependent effects.
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