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ABSTRACT

Antiresorptive drugs are widely used for treatment of osteoporosis and cancer bone metastasis, which function
mainly through an overall inhibition of osteoclast. However, not all osteoclasts are “bone eaters”; preosteoclasts
(pOCs) play anabolic roles in bone formation and angiogenesis through coupling with osteoblasts and secreting
platelet derived growth factor-BB (PDGF-BB). In this study, a bone-targeted pH-responsive nanomaterial was
designed for selectively eliminating mature osteoclasts (mOCs) without affecting pOCs. Biocompatible cerium
nano-system (CNS) was guided to the acidic extracellular microenvironment created by mOCs and gained
oxidative enzymatic activity. Oxidative CNS decreased the viability of mOCs through accumulating intracellular
reactive oxygen species and enhancing calcium oscillation. Non-acid secreting anabolic pOCs were thus pre-
served and kept producing PDGF-BB, which lead to mesenchymal stem cell osteogenesis and endothelial pro-
genitor cell angiogenesis via PI3K-Akt activated focal adhesion kinase. In treating osteoporotic ovariectomized
mice, CNS showed better protective effects compare with the current first line antiresorptive drug due to the
better anabolic effects marked by higher level of bone formation and vascularization. We provided a novel

anabolic therapeutic strategy in treating bone disorders with excessive bone resorption.

1. Introduction

Mature osteoclasts are bone-specific polykaryons derived from
multipotent hematopoietic stem cells and differentiated from mono-
cyte/macrophage precursor cells near the bone surface [1]. Two
important regulating factors, receptor activator of nuclear factor kB
ligand (RANKL) and macrophage-colony stimulating factor (M-CSF) are
necessary for OC differentiation and survival [2,3]. Binding of RANKL to
its ligand results in the initiation of the TNF receptor-associated factor
(TRAF) 6 signaling, which eventually activates nuclear factor of acti-
vated T cells c1 (NFATc1), the master regulator in osteoclastogenesis [4,
5], leading to OC differentiation and maturation [6,7]. In human body,
OC has a relatively short cell life of about 2 weeks. In this period, OC
differentiates from mononuclear preosteoclast (pOC) to multinuclear
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mature OC (mOC) and eventually undergoes apoptosis [8]. Dysregula-
tion of osteoclastogenesis leads to various bone disorders such as tumor
bone metastasis and osteoporosis [9-11].

The International Osteoporosis Foundation reported that more than
200 million people suffer from osteoprorsis worldwide [12,13]. Ac-
cording to the review study of American Society for Bone and Mineral
Research (ASBMR), long-term use (over 5 years) of bisphosphonates
(BPs), the most commonly used medications for osteoporosis, can lead to
unsatisfactory clinical outcomes and complications including atypical
fractures and decrease of bone strength [14]. The detailed reasons for
this side effect of BPs are still unclear, but we recently reported that
alendronate, a nitrogen-containing bisphosphonate, triggers cell death
in pOC through peroxisome dysfunction and further endoplasmic re-
ticulum (ER) stress [15]. However, according to recent discoveries, pOC
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barely resorb bone matrix and on the contrary, they are anabolic for
angiogenesis via secreting platelet derived growth factor-BB (PDGF-BB)
[16-18]. This unselective inhibition of BPs in pOCs and mOCs poten-
tially explained why long-term antiresorptive therapy is not satisfying.
We assumed that specific depletion of mOCs while preserving beneficial
pOCs is a better anabolic strategy in treating osteoporosis. We previ-
ously designed and constructed a graphene oxide (GO) based miR-7b
transfection system to block pOC fusion for pOC prevervation [19].
However, the complexity of the construction and involvement of exog-
enous small RNA make the whole transfection system less applicable for
clinical use. To realize this strategy simpler and more efficient, we
harnessed the acid secretion differences between pOC and mOC to
design bone-targeted pH-responsive nanomaterials.

Cerium nanoparticles have been reported with neuroprotective,
radioprotective, anti-sepsis, anti-stroke and anti-tumor activities
[20-24]. The surface Ce3":Ce** ratio governing the biological activity of
cerium oxide nanoparticles can be influenced by different pH levels
[25]. This property makes cerium oxide nanoparticles a pH-sensitive
enzyme that can change its enzymatic activity from antioxidative to
oxidative at a relative lower pH level [26]. In human body, the micro-
environment of bone resorption lacuna acidified by mOCs (pH = 3-4) is
ideal for triggering the oxidative enzyme activity of cerium oxide
nanoparticles [27].

In this study, the CNS we designed exhibited oxidative activity in
low-pH microenvironment created by mOC and increased reactive ox-
ygen species (ROS) generation which in turn decreased the viability of
mOCs. Meanwhile, the antioxidative CNS at neutral pH level has no
effect in pOCs, which secured bone anabolism by generating PDGF-BB to
increase mesenchymal stem cell (MSC) osteogenesis and endothelial
progenitor cell (EPC) angiogenesis. pCT results suggest CNS was more
effective in attenuating bone loss relative to the current first line
bisphosphonate in treating ovariectomized (OVX) mice.

2. Methods and materials
2.1. Nanoparticles synthesis, modification and characterization

The cerium nanoparticles were prepared by microemulsion or ther-
mal decomposition method as described previously [28]. For micro-
emulsion method, Sodium bis-(2-ethylhexyl) sulfosuccinate (1.5 g) was
dissolved in toluene (50 ml) and mixed with cerium nitrate solution (2.5
ml, 0.1 mol/1). The mixture was then stirred for 45 min at room tem-
perature and adding of 5 ml H202 (30%). The solution was stirred for 1
h and allowed to separate into two layers. The organic layers containing
cerium nanoparticles were collected for surface modification. For ther-
mal decomposition method, the cerium nitrate hexahydrate (0.434 g)
was dissolved in oleylamine (0.802 g) and 1-octadecene (4 g). The
mixture was stirred at 80 °C for 30 min and then heated to 260 °C for 2 h.
After cooling to room temperature, 80 ml acetone was added and the
nanoparticles were collected by centrifugation. Collected nanoparticles
were washed for three times and dispersed in 10 ml hexane. For surface
modification, alendronate was coated on cerium nanoparticles as anchor
molecules for PEG-600. PEG diacid 600, N-(3-Dimethylaminopro-
pyD-N-ethylcarbodiimide (EDC) and N-Hydroxysuccinimide (NHS)
were mixed in dichloromethane under magnetic stir for 8 h at room
temperature. The solvent was removed by rotate evaporation. Alendr-
onate and Na2CO3 were dissolved in water added with prepared cerium
nanoparticles and heated to 80 °C under magnetic stir for 12 h. After
cooling to room temperature, the water layer containing nanoparticles
was separated by centrifugation. Acetone was added to precipitate out
the nanoparticles. Precipitated cerium nanoparticles were dialyzed in
water with molecular weight cut off of 10 k for 24 h. The surface coating
process for cerium nanoparticles synthesized by thermal decomposition
method were similar tomicroemulsion method. Except that the nano-
particles were precipitate out from hexane by ethanol and redispersed in
tetrahydrofuran, and the surface coating was carried out in
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tetrahydrofuran/water system. For characterization of synthesized CNS,
TEM analysis was conducted using a Tecnai G2 F20 S- TWIN TEM (200
kV). Samples were prepared by casting a drop of nanoparticle dispersion
(water) onto a carbon-coated copper grid. NMR spectrum was measured
using a DD2 600 MHz NMR spectrometer (Agilent). The nanoparticles
were dried on EYELA FDU-2100 freeze drier for 48 h. TGA experiments
were performed on TA Q50. Samples of the surface-modified nano-
particles were dried on EYELA FDU-2100 for 24 h before analysis. XPS
measurements and spectrum intergration were performed using Scien-
tific Escalab 250 (Thermo, UK). Photoelectron spectra was excited by Al
Ka (1486.6 eV) anodes at 100 W. The binding energy scale was cali-
brated from the Cls peak at 284.8 eV.

2.2. TEM analysis of CNS-cell interaction

BMMs were grown in chamber cell culture slides treated with or
without RANKL (100 ng/ml) and M-CSF (50 ng/ml) with different
concentrations of CNS for 72 h. The cells were fixed in 3% gluter-
aldehyde. Thin sections were then cut and placed on Formvar copper
grids and then stained with uranyl acetate and lead citrate. After
staining, the sections were examined on a FEI Tecnai 110 kV microscope
at 80 kV, and digital photomicrographs were taken.

2.3. Average cellular pH level detection

Average cellular pH level detection was performed using LysoSensor
Yellow/Blue dextran molecular probe (Life Technologies). In brief,
BMMs (5 x 103 cells/well in 96-well plates) were cultured in a-MEM
medium (RANKL+, RANKL + CNS+) for 24 h, 72 h and 120 h and each
well was replaced with a-MEM medium. RANKL + represents RANKL
(100 ng/ml) and M-CSF (50 ng/ml) and CNS + represents 100 pg/ml.
Intracellular pH level was measured by LysoSensor Yellow/Blue
dextran, which indicates blue (Em 452 nm) at pH level of 4.0 and in-
dicates green (Em 521 nm) at pH level of 7.0. Images were taken using
the fluorescence microscopy (Olympus).

2.4. Oxidation kinetic analysis

The oxidase activity of CNS at pH 4.0 and 7.0 was tested using
organic dye tetramethylbenzidine (TMB) as substrate according to pre-
vious method [14]. In detail, 10 pg/ml CNS was mixed with 0.08 mM
TMB in citrate buffer. Upon oxidation the TMB develop blue color which
could be detected at 652 nm. The color change was recorded at interval
of 30 s for 10 min using a Bio-TEK, Synergy H4 Microplate reader.

2.5. Statistical analysis

All data are representative of at least three experiments of similar
results performed in triplicate unless otherwise indicated. Data are
expressed as mean + SD. One-way ANOVA followed by Student-
Newman-Keuls post hoc tests was used to determine the significance
of difference between results, with *p < 0.05, **p < 0.01 being regarded
as significant.

The complete detailed methods are provided in the online-only Data
Supplement.

3. Results

3.1. Nanomaterial preparation, characterization, subcellular localization
and toxicity

Cerium oxide nanoparticle used in our study were synthesized by
microemulsion method as we previously reported [28]. In brief, after
synthesis, alendronate was coated to the nanoparticles as an anchor. The
surface of nanoparticles was then modified through an in situ ligand
exchange method with PEG600 (Fig. 1la). Synthesized cerium
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Fig. 1. Nanoparticles preparation, characterization, subcellular localization and toxicity. (a) Schematic illustration of CNS. Synthesized CNS was well
dispersed in water with bright yellow color. (b) TEM image, hydrodynamic diameter and XPS spectrums of CNS. (c) Subcellular localization of CNS in bone marrow
macrophages (BMMs). (d) Cell viability evaluation of CNS in BMMs at 24 h, 72 h, 96 h and 120 h (* among CNS groups, # among RANKL + CNS groups). The data in
the figures represent the averages + SD. Significant differences are indicated as */# (p < 0.05). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

nano-system (CNS) showed increased stability and dispersion in water.
The PEG ligand weight percentage of CNS was 51.7%, the hydrodynamic
diameter was 15.2 + 0.4 nm and the Ce3" concentration was 49.3%
(Fig. 1b). CNS showed higher antioxidative activity and less cellular
toxicity compared to naked cerium oxide nanoparticles [28]. Trans-
mission Electron Microscope (TEM) analysis revealed that CNS was
incorporated in membrane bound vesicles by bone marrow macro-
phages (BMMs) during receptor activator of nuclear factor kB ligand
(RANKL) induced osteoclastogenesis. CNS was found aggregated inside
the cells as electron dense matters either free in cytoplasm or in vesicles
(Fig. 1c). Cellular uptake of FITC conjugated CNS suggested no differ-
ence in pOC and mOC regardless of the dosages (Fig. S1). Cell viability
test revealed that without RANKL treatment, CNS was not toxic until the
dosage reached to 200 pg/ml; however, in the presence of RANKL, CNS
showed an increased cytotoxicity and started to reduce cell viability
when the dosage reached to 10 pg/ml (96 h) and 5 pg/ml (120 h)
(Fig. 1d). Upon RANKL (100 ng/ml) stimulation, BMMs differentiate to
mOCs at 96 h [29], immunoblots for cleaved caspase-3 in pOC and mOC
at 0, 8 h, and 16 h after introduction of CNS (10 pg/ml) showed a
remarkably increased in mOC, whereas pOC was barely affected
(Fig. S2). To exclude the effects of RANK expression, we isolated primary
mouse B cells, CD4" T cells, CD8" T cells, and neutrophils to evaluate
the influence of CNS on the cell viability. The results showed that the
CNS started to significantly decrease the cell viability of CD4" T cells,
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CD8" T cells, and neutrophils at the dosage of 200 pg/ml, which is
similar with BMMs. However, B cells seemed to be more susceptible to
CNS treatment and the cell viability decreased from the dosage of 50
pg/ml (Fig. S3). The above results suggested low dosage of CNS has
specific cytotoxicity in mOCs.

3.2. CNS decreased the viability of mOCs in vitro

To understand the reason why CNS is specifically toxic in mOCs, we
performed a time dependent cytoskeleton and focal adhesion stain assay
(Fig. 2a), and found that in CNS-free group, OC number and average
nuclei number increased over time and reached to its peak at 120h
(Fig. 2b). However, BMMs treated with CNS bring forward the mOC
formation peak from 120h to 96h (10 pg/ml) and 72h (100 pg/ml)
respectively. Interestingly, in the presence of CNS, mOC failed to keep
viable and vanished within the next 24 h. This result suggested CNS
decreased the life span of mOCs. Accordingly, tartrate resistant acid
phosphatase (TRAP) stain results showed that TRAP activity reached to
the peak value at 120h upon RANKL stimulation; however, the peak
time for CNS treated cells is 72h, followed by a decrease at 120h
(Fig. 2c). Bone resportion assay results showed that the resorption pit
areas in CNS treated groups were significantly higher compare with
control groups at 72h. The two groups reached to similar resorption
extent with no significant difference at 120h (Fig. 2d). Actin ring is a
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Fig. 2. CNS decreased the viability of mOCs in vitro. (a) Cytoskeleton and focal adhesion stain images of BMMs treated with CNS in a timeline, bar represents 200
pm. (b) Quantification of OC number and OC average nuclei number. (c) TRAP stain images and quantification of relative TRAP activity, bar represents 200 pm. (d)
Pit formation assay images and quantification of resorption area. (e) Actin ring observation, quantification of mature OC number and POC number. (f) Annexin-V/PI
staining analyzed by FCM quantifying early cell apoptotic rate. (g, h) Cell cycle and sub-G1 analysis of BMMs treated with RANKL alone (g) or together with CNS (h).
Images are representative of n = 3 independent experiments. The data in the figures represent the averages + SD. Significant differences are indicated as ** (p

< 0.01).

specified cellular structure of mOC, confocal microscopy results showed
that the actin ring formation in CNS treated OCs robustly increased at
72h and significantly decreased at 120h; however, it is very excited to
notice that mononuclear pOC number was not influenced by CNS
(Fig. 2e). Flow cytometry (FCM) analysis showed that CNS significantly
increased early cell apoptotic rate at 72h and 120h compare with the
control groups (Fig. 2f). Meanwhile, G2/M cell proportion was
decreased by CNS treatment suggesting a cell cycle arrest. The increased
percentage of sub-G1 distribution by CNS treatment also suggested an
increased cell apoptosis (Fig. 2g and h). FCM analysis was consistent
with the staining results showing that OC was induced to apoptosis after
its maturation. It is also worthy to mention that Ce3" or CNS alone
without RANKL cannot induce osteoclastogenesis (Fig. S4). Cell-cell
fusion and osteoclast specific gene expression were also evaluated to
confirm the promoting effects of CNS in RANKL induced osteoclasto-
genesis within 72h (Fig. S5). From the in vitro results, we concluded that
CNS accelerated the process of RANKL induced osteoclastogenesis and
then lead mOCs to apoptosis. Taken together, CNS decreased the
viability of mOC.
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3.3. CNS selectively increases ROS production and Ca?* oscillation in

mOCs

In vitro results revealed that CNS has selective cytotoxicity in mOCs.
To figure out the underlying mechanism, we then detected the micro-
environment pH level change during osteoclastogenesis with or without
CNS treatment (Fig. 3a). As shown in Fig. 3b, CNS treatment decreased
the average pH level to 4.0 at 72h, the pH level was then restored to
about 5.5 at 120h suggesting the decreasing number of mOCs. The low-
pH microenvironment is acidified by mOCs through ATPase H +
Transporting VO Subunit D2 (ATP6v0d2), an essential proton pump
responsible for extracellular acidification in bone resorption [30]. CNS
treatment increased ATP6v0d2 expression in BMMs in a time-dependent
way from Oh to 72h (Fig. 3c), which explained the decrease of pH level at
72h. In addition, oxidation kinetic studies revealed that the CNS ac-
quired oxidative enzymatic activity immediately in the environment of
pH level equals to 4.0. The oxidative enzymatic activity robustly
increased for about 2 min and gradually stabilized after 3 min (Fig. 3d).
These results suggest that the CNS interacting with mOCs are mostly
oxidative. To find out the effects of oxidative CNS in mOCs, we
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Fig. 3. CNS selectively increases ROS production and Ca®*

oscillation in mOCs. (a) Cellular pH detection during osteoclastogenesis, bar represents 200 pm. (b)

Quantification of average cellular pH level. (c) Western blot analysis of ATP6v0d2 expression. (d) Oxidation kinetic experiment testing oxidative enzymatic activity
of CNS at pH 4.0 and pH 7.0. (e) Intracellular ROS detection of BMMs in a time line, bar represents 200 pm. (f) Quantification of ROS positive cell number and
average cellular ROS intensity. (g) Fluo-4 fluorescent images of BMMs at 72 h. Pseudo-color labeled (purple) area represents actively fluorescence ration changing
cell, bar represents 400 pm. Three representative traces are presented, fluorescence ratio change recorded every 5 s for 300 s. (h) Relative mRNA expression of
ATP6v0d2, NFATc1, c-FOS and western blot images of c-FOS, NFATcl and p-actin. Images are representative of n = 3 independent experiments. The data in the
figures represent the averages & SD. Significant differences are indicated as ** (p < 0.01). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

performed reactive oxygen species (ROS) assay from 24h to 96h (Fig. 3e)
and figured out that RANKL increased ROS(+) cell number with the
increase of time but CNS had no influence on it. However, the average
cellular ROS intensity was significantly increased (indicated by white
arrows in Fig. 3e) by CNS treatment (Fig. 3f). This result means CNS did
not increase the number of ROS(+) cells, instead, it only affected cells
that were already accumulating ROS. This discovery confirmed our
previous assumption that CNS only affects acid secreting mature OC
through the oxidative activity acquired at a lower pH level. We also
confirmed that CNS had no effect on pOCs because ROS(+) cell number
was not increased. In bone remodeling, osteoclastic activity is associated
with increased extracellular Ca®>" concentration and Ca* influx, which
in turn affect RANKL-evoked Ca?" signaling [4]. In our study, CNS
enhanced both average amplitude and frequency of Ca®" oscillation
compare to BMMs treated with RANKL alone (Fig. 3g, Fig. S6). Intra-
cellular ROS and Ca®" signaling then activated downstream c-Fos/N-
FATcl (Fig. 3h) to enhance osteoclastogenesis. We also found that CNS
treatment increased the mRNA expression of CLCN7 but has no effect on
CA2 (Fig. S7). However, over generation of ROS finally lead to DNA
damage causing cell cycle arrest and apoptosis in mOCs.
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3.4. CNS attenuates bone loss in OVX mice

We then used OVX osteoporotic mouse model to test the in vivo ef-
fects of CNS. Mice were separated into four groups: sham group (sham
operated), OVX group, low CNS dosage (10 mg/kg) group and high CNS
dosage (100 mg/kg) group. CNS was dissolved in normal saline and
injected intraperitonealy once a week for four weeks. Control groups
received only normal saline. After euthanization, dissected femur
trabecular and cortical bone was contoured for analysis using pCT
(Fig. 4a). Quantification analysis showed that CNS administration (10
mg/kg and 100 mg/kg) in OVX mice significantly increased bone min-
eral density (BMD), trabecular bone volume fraction (BV/TV), trabec-
ular number (Tb. N), trabecular thickness (Tb. Th), cortical bone
thickness (Ct. Th), and decreased trabecular separation (Tb. Sp) (p <
0.01) (Fig. 4b). We also tested the effects of CNS in normal wild type
male mice at the age of 3 weeks and 8 weeks and found that CNS
administration could also significantly increase bone volume and den-
sity in normal mice (Figs. S8 and S9). The in vivo results indicated that
CNS administration attenuated bone loss in OVX mice.
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Fig. 4. CNS attenuates bone loss in OVX mice. (a) Representative pCT images of longitudinal section femurs, cross-sectional view of the distal femurs and
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Th), cortical bone thickness (Ct. Th), and decreased trabecular separation (Tb. Sp). (c) Quantitative analysis of bone formation ratio and OC surface/bone surface
ratio. Images are representative of n = 3 independent experiments. The data in the figures represent the averages + SD. Significant differences are indicated as ** (p
< 0.01). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.5. pOCs preserved by CNS induce osteogenesis and angiogenesis via
FAK pathway

We then used BMMs and MSCs co-culture system (Fig. 5a) to
compare CNS with a currently first-line antiresorptive drug alendronate
(Ald). Because that Ald has no selectivity in depleting OCs, pOCs were
also depleted and osteogenesis of MSCs was not detected (Fig. 5b).
However, in CNS treated co-culture system, osteogenesis of MSCs was
significantly induced characterized by increased ALP activity and Alp,
Runx2 expression (Fig. 5b) suggesting that pOCs were preserved. In
addition, we found both bone marrow PDGF-BB and VEGF concentra-
tions were significantly increased in OVX mice administered with CNS
compare to Ald, and no significance was detected in serum (Fig. 5c).
Western blot results also confirmed that CNS increased PDGF-BB
secretion while Ald had an inhibitory effect. We then co-cultured
BMMs with the endothelia progenitor cells (EPCs) to observe tube
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formation. CNS treatment significantly enhanced EPC tube formation
compared with Ald (Fig. 5e). Focal adhesion kinase (FAK) is known to
mediate MSC adhesion and EPC angiogenesis [31,32]. Western blot
analysis showed that when co-cultured with BMMs, CNS induced
phosphorylation of platelet-derived growth factor receptor p (PDGFRf)
in both MSCs and EPCs by 5 min and peaked at 30 min (Fig. 5f). In
addition, phosphorylation of downstream phosphatidylinositol 3-kinase
(PI3K), Akt and FAK also peaked at 30 min (Fig. 5f). These results
indicate PDGF-BB enhanced angiogenesis and osteogenesis through
PI3k-Akt dependent activation of FAK.

3.6. CNS treatment protected bone loss in OVX mice better than
alendronate via enhancing angiogenesis

Recent studies identified a special vessel subtype with distinct
morphological, molecular properties and location, which is
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Fig. 5. pOCs preserved by CNS induce osteogenesis and angiogenesis via FAK pathway. (a) MSCs were cultured alone or co-cultured with BMMs in osteogenic
media with Alendronate (Ald) or CNS treatment. ALP stain was performed on day 7. Bar represents 200 pm. (b) Quantification of ALP activity of MSCs. Relative
mRNA expression levels of Runx2 and Alp. (c) ELISA for serum or bone marrow (BM) PDGF-BB and VEGF concentrations. (d) Western blot analysis of PDGF-BB levels
in BMMs in different culture conditions. (e) Matrigel tube formation assay images and quantitative analysis of cumulative tube length of EPC co-cultured with BMMs
treated with Ald or CNS. Bar represents 150 pm. (f) Western blot analysis of the phosphorylation of PDGFRp, PI3K, Akt and FAK in MSCs and EPCs co-cultured with
BMMs treated with Ald or CNS for 5-60 min. Images are representative of n = 3 independent experiments. The data in the figures represent the averages + SD.

Significant differences are indicated as ** (p < 0.01).

CD31MEmen™ vessel [33]. Their abundance is intimately associated
with new bone formation. It has also been proved that PDGF-BB secreted
by POCs induces the formation of CD31MEment vessels in coupling
bone formation [16]. We have already showed that pOCs preserved by
CNS enhance angiogenesis in vitro. We then compared the in vivo
effectiveness of CNS and Ald using OVX mice. CNS exhibited better re-
sults in restoring BMD and BV/TV compare to Ald, while trabecular
indicators were not different (Fig. 6a). As expected, OVX mice had
significantly higher number of osteoclast versus sham mice, while Ald
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treated OVX mice barely had osteoclast. Of note, CNS treated OVX mice
still have osteoclasts but were much more PDGF-BB positive (Fig. 6¢ and
d). Consistently, CD31MEmen™ cell number was significantly higher in
OVX mice treated with CNS compare to Ald (Fig. 6b). Moreover,
cD31MEmen™ endothelial cell proportion in bone marrow was also the
highest in CNS treated OVX mice (Fig. 6e). Microphil-perfused angiog-
raphy demonstrated that vessel volume and surface were significantly
increased in OVX mice treated with CNS than treated with Ald (Fig. 6f
and g). The results suggest that CNS was more effective than Ald in
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Fig. 6. CNS treatment protected bone loss in OVX mice better than alendronate via enhancing angiogenesis. (a) Representative pCT images of longitudinal
section femurs, and quantification of bone mineral density (BMD), trabecular bone volume fraction (BV/TV), trabecular number (Tb. N), and decreased trabecular
separation (Tb. Sp). (b) Immunostaining of CD31 (red) and Endomucin (green) with quantification of CD31™Emen™ cells in trabecular bone and bone surface
(bottom). Bar represents 100 pm. (c) Immunostaining of TRAP (green) and PDGF-BB (red) in trabecular bone and cortical bone. Bar represents 100 pm. (d)
quantification of number of TRAP positive cells (N. TRAP+) and number of PDGF-BB positive cells (N.PDGF-BB) per respective bone surface (BS) or trabecular bone
(TB). (e) Flow cytometry analysis (left) with quantification (right) of CD31hiEmcnbhi cells in total bone marrow cells. (f) pCT microphil-perfused angiography of OVX
mice femurs treated with Ald or CNS and quantification of vessel volume and surface. Images are representative of n = 5 independent experiments. The data in the
figures represent the averages + SD. Significant differences are indicated as * (p < 0.05) or ** (p < 0.01). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

treating OVX osteoporotic mice via enhancing angiogenesis through
preserving pOCs.

3.7. CNS treatment in OVX mice showed overall anabolic effects

To examine the overall effects of CNS treatment in OVX mice, we
further evaluated the bone formation using double labeling by injecting
OVX mice with Calcein and Alizarin red (Fig. 7a). The results showed
that both bone formation rate (BFR)/bone surface (BS), mineral appo-
sition rate (MAR) and mineralizing surface (MS)/BS were significantly
higher in OVX mice treated with CNS regardless of the dosages (10 mg/
kg or 100 mg/kg) (Fig. 7b). We then tested the change of bone turnover
markers and found that the decrease of bone formation marker P1NP in
OVX mice was rescued by CNS treatment as expected. The increase of
CTX in OVX mice was also partially brought down by CNS treatment
(Fig. 7c). To test the bone strength, femurs from OVX mice with different
treatments were subjected to a three-point bending mechanical testing.
The results showed that the ultimate load and stiffness were both
decreased in OVX mice, CNS treatment of 10 mg/kg partially rescued the
decrease, CNS of 100 mg/kg even increased the bone strength relative to
the sham groups (Fig. 7d). These results suggest that CNS treatment in
OVX osteoporotic mice showed overall anabolic effects.
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4. Discussion

It is worthy to notice that Ca?" and ROS have mutual reinforcing
effects. ROS can sensitize endoplasmic reticulum (ER)-based calcium
channels leading to the release of calcium from the ER into the cytosol to
concentrate in the inner matrix of mitochondria, where it disrupts the
electron-transport chain leading to the production of more ROS. These
mitochondria produced ROS can further exacerbate calcium release
from the ER, resulting in the accumulation of ROS to a toxic level [34]. It
is also reported that cerium nanoparticle is toxic to human peripheral
blood monocytes via mitochondrial apoptosis [17]. Sub-cellular distri-
bution of cerium nanoparticle uptake revealed its co-localization with
mitochondria, lysosomes and ER [35]. These findings reinforced our
results that osteoclastogenesis was accelerated in the first place but
quickly ended up with apoptosis afterwards. In total, the viability of
mature osteoclasts was decreased.

pH-sensitive nano-systems have been developed targeting the acidic
environment of tumor [36,37]. Studies have already shown that
pH-sensitive drug delivery systems could improve cancer treatment ef-
ficiency [38]. Apart from tumor microenvironment, the physiological
pH change in the gastrointestinal tract was also utilized to develop
pH-responsive drug delivery systems [39]. During bone remodeling, the
pH level of resorption lacuna reaches to 3-4. The low-pH microenvi-
ronment is acidified by OCs through ATP6v0d2 for inorganic bone
matrix degradation and activation of pH-sensitive enzymes [30].



C. Dou et al. Bioactive Materials 6 (2021) 4697-4706
sk ILI
a OVX+CNS OVX+CNS C - 40 :ET 20 ,L]
Sham (10 mg/kg) (100 mg/kg) £ 5 i
;= ~
bt o
o Z 10
o o
»n 3 0
Sham OVX 10 100 Sham OVX 10 100
. CNS (mg/kg) CNS (mg/kg)
% 4 Faw | Cex |
£, |—\ = — _
£ g g
E2 s 8
1 x 2
Q1 <
g 0 0
Sham OVX 10 100 Sham OVX 10 100 Sham OVX 10 100
d CNS mg/kg CNS (mg/kg) CNS (mg/kg)
400
= Ib CNS(antioxidative) Py
§ 300 © CNs(oxidative) ‘
= Vesicle ) %
@ 200 Mature Osteoclast \ EPCs
o PDGF-BB Bone
£ 100 Oscillation *Vascularlzatlon
’ E#e%t% "
0Sham OVX 10 100 Pica] . 3 S oy D31"Emc;
"CNS (mglkg) NFATc1 @ = Apoptosis | \
200 *% ROS © o
- & @) 0
< 150 *
3 (— i - '
o 100 Preosteoclasts Osteoblasts
®
g 50
=]
Bone Resorption
Sham OVX 10 100 T
CNS (mg/kg)

Fig. 7. CNS treatment in OVX mice showed overall anabolic effects. (a) Representative images of histologic sections showing calcein and alizarin red double-
labeling of endocortical bone in femur mid diaphysis of CNS treated OVX mice and their control mice. bar represents 200 pm. (b) Quantification of BFR (bone
formation rate)/BS (bone surface), MAR (mineral apposition rate) and MS (mineralizing surface)/BS (bone surface). (¢) Quantification of mouse serum CTX and P1NP
in indicated groups. (d) 3-point bending tests of collected mouse femur in indicated groups with quantification of stiffness and ultimate load. (e) Schematic diagram
of the mechanism of CNS functioning as a pro-anabolic therapy in treating OVX mice. Images are representative of n = 5 independent experiments. The data in the

figures represent the averages + SD. Significant differences are indicated as *
legend, the reader is referred to the Web version of this article.)

Meanwhile, ATP6v0d2 is also a necessary regulator for cell-cell fusion
during osteoclastogenesis [40,41]. Dysregulation of osteoclasts can lead
to various bone disorders including osteopetrosis, rheumatoid arthritis
and osteoarthritis or even aggravate bone metastases [42]. But do we
treat the osteoclasts in these disorders universally without further
sub-grouping? From monocyte/macrophage to mononuclear POC and
then multinucleated polarized giant mature OC, although the stimulator
RANKL and master regulator NFATc1 remain unchanged, OC at different
stages varies greatly in both functioning and coupling with other cells.
However, current OC targeting therapy hardly makes any differences
among OCs at different stages [1]. We managed to selectively deplete
mOCs while pOCs and their function were preserved. This made CNS has
better efficacy in treating osteoporotic OVX mice compared with the
current first-line antiresorptive drug Ald.

5. Conclusions

In our study, we used bone favored pH-responsive CNS to target the
acidic microenvironment created by mOCs. Antioxidative CNS con-
verted to oxidative further increased ROS accumulation and calcium
oscillation, which significantly decreased the viability of mature OC.
However, unconverted CNS had no effect on non-acid secreting pOCs.
Therefore, anabolic effect of pOCs was preserved and PDGF-BB secretion
enhanced MSCs migration, osteogenesis and EPCs angiogenesis
(Fig. 7e). Animal study showed that CNS is more effective in attenuating
bone loss in osteoporotic OVX mice compared with Ald. Our findings
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* (p < 0.05) or ** (p < 0.01). (For interpretation of the references to color in this figure

provided an mOC-targeted drug delivery strategy with anabolic effects
in treating bone disorders with excessive bone loss.
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