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f raloxifene hydrochloride
nanosuspensions partially attenuates bone loss in
ovariectomized mice

Meihua Han, †a Xiaoyu Qi,†ab Dongdong Bi, †a Yijing Li,a Yifei Guo, a

Xiangtao Wang*a and Li Feng*c

Postmenopausal osteoporosis is a systemic skeletal disease of fragility fractures due to the loss of the mass

and the deterioration of the microarchitecture of bone. This study aimed to assess the effects of raloxifene

hydrochloride nanosuspensions (RLX-NSps) on ovariectomized (OVX)-induced osteoporotic rats, and the

underlying mechanisms were also investigated in vivo and ex vivo. RLX-NSps were successfully prepared,

and the obtained RLX-NSps had a mean particle size of (91.17 � 0.73) nm, PDI value of 0.201 � 0.03 and

zeta potential of (36.3 � 1.8) mV. RLX-NSps showed a clear colloidal solution with light yellow

opalescence. RLX-NSps were stable in artificial intestinal fluid, artificial gastric fluid, PBS, isotonic glucose

and physiological saline. The OVX mice were administered an RLX-NSps or RLX solution for 3 weeks. The

bone micro-tomographic histomorphometry and bone mineral density (BMD) were assessed by micro-

CT, and the biochemical markers procollagen type I N-terminal propeptide (P1NP) and beta-isomerized

C-telopeptide (b-CTX) were determined from serum. Finally, primary bone marrow stromal cells (BMSCs)

were isolated from the tibia and cultured to evaluate cell proliferation and osteogenic differentiation. The

results demonstrated that the RLX-NSp group had a better effect on the bone microarchitecture than

the RLX solution group. Therefore, RLX-NSps could partially attenuate bone loss more effectively than

RLX solution in OVX mice by inhibiting bone resorption and improving the ability of BMSCs to proliferate

and their osteogenic differentiation to some extent. Based on these results, nanosuspensions (NSps) may

be a promising delivery system for postmenopausal osteoporosis therapy.
1 Introduction

Postmenopausal osteoporosis is a relatively common metabolic
bone disease that leads to increasing skeletal fragility and the
risk of fractures due to rapid bone loss.1–3 Over half of adults
over the age of 50 are diagnosed with osteoporosis, and among
them, most women have postmenopausal osteoporosis.4,5 They
can be affected with osteoporotic fractures throughout their
remaining lifetime.6

There are two major therapeutic approaches for osteopo-
rosis. One is anabolic agents that function by means of
improving bone formation, such as parathyroid hormone,7 and
the other is antiresorptive agents, which function by means of
inhibiting osteoclast-mediated bone resorption, such as
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bisphosphonates.8 Estrogen deciency, which is related to the
loss of ovarian function, leads to bone loss and is a marker of
osteoporosis as a result of excessive bone resorption.9–11 To
prevent postmenopausal bone loss, estrogen replacement
therapy (ERT) and hormone replacement therapy (HRT) have
been applied.12 It was reported that it can increase the risk of
endometrial cancer and is slightly related to an increased risk of
breast cancer aer using estrogen for a long time.13,14 In
contrast with estrogen, many studies have demonstrated that
RLX has no side effects in terms of the stimulatory effect on the
endometrium and the breast.15–17

Raloxifene hydrochloride (RLX), one of the second-
generation selective estrogen receptor modulators (SERMs),
belongs to a group of benzothiophene compounds. RLX has
been pushed to the market and used for preventing and treating
postmenopausal osteoporosis in the clinic for a decade,18 and it
has been reported that RLX was the only one of the SERMs that
is viable in terms of treating and preventing osteoporotic frac-
tures in the market in the US and the EU.19,20 Moreover, the
effects have been veried in clinical trials, and RLX can increase
the bone mineral density (BMD) and decrease the risk of
vertebral fractures.21
This journal is © The Royal Society of Chemistry 2018
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RLX is administered in the clinic by means of oral admin-
istration. However, RLX is part of the class II category of drugs,
according to the standards of the biopharmaceutical classi-
cation system (BCS) classication on account of its poor solu-
bility.22 The dissolution rate has an inuence on the
bioavailability of poorly water-soluble drugs.23 The bioavail-
ability of RLX was only 2% due to its poor aqueous solubility,
and extensive rst pass metabolism in humans is made by
glucuronide conjugation.24,25 Although other routes for admin-
istration were effective, oral administration was still a conve-
nient and preferable route among the various routes.26

Therefore, it is necessary to improve RLX solubility. Nano-
suspensions (NSps) make it possible to solve the problem of
poor solubility of some drugs, to improve therapeutic efficacy.27

As a consequence, an NSps drug delivery system may be of
benet to RLX.

In this study, we have rst prepared RLX-NSps and then
assessed the effect of RLX-NSps on attenuating bone loss in
ovariectomized (OVX) mice and made a preliminary investiga-
tion of the underlying mechanism.

2 Materials and methods
2.1 Reagents and animals

a-Modied Eagle's medium (a-MEM), fetal bovine serum (FBS)
and penicillin–streptomycin (5000 U mL�1 penicillin; 5000 mg
mL�1 streptomycin) were purchased from GIBCO Laboratories
(Grand Island, NY, USA). Triton(r) X-100 bioxtra, b-glycer-
ophosphate disodium salt hydrate, L-ascorbic acid 2-phosphate
sesquimagnes, dexamethasone bioreagent and 1a,25-dihy-
droxyvitamin D3 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). RLX was purchased from Wuhan Dinghui Chemical
Company Ltd. Soybean lecithin (SPC) was obtained from
Guangzhou Hanfang Pharmaceutical Co. Ltd. Mono-
methoxypoly(ethylene glycol)–poly (3-caprolactone) (mPEG2000–

PCL2000) was obtained from Jinan Daigang Biomaterial Co. Ltd.
D-Alpha tocopherol acid polyethylene glycol succinate (TPGS)
was supplied by Xi'an Healthful Biotechnology Co. Ltd. The
alkaline phosphatase (ALP) kit was purchased from Nanjing
Jiancheng Chemical Industrial Co. Ltd. The procollagen type I
N-terminal propeptide (P1NP kit), beta-isomerized C-
telopeptide (b-CTX) and bicinchoninic acid (BCA) kit were ob-
tained from ELISA (IDS, Frankfurt, Germany).

The following instruments and equipment were used in
these studies: Ultrasonic cleaner (Kun Shan Ultrasonic Instru-
ments Co. Ltd., China); Dynamic Light Scattering (DLS, Zeta-
sizer Nano ZS, Malvern Instruments, Malvern, UK); JEM-1400
electron microscope (JEOL, Tokyo, Japan); High-performance
liquid chromatography (Dionex Ultimate 3000, USA);
Symmetry C18 column (4.6 mm � 250 mm, 5 mm, Waters, USA).

All animal experiments were performed on the basis of the
guidelines for Ethical and Regulatory for Animal Experiments
as dened by the Institute of Medicinal Plant Development
(IMPLAD), Beijing, People's Republic of China. All animal
experiments were also approved by the ethics committee of the
IMPLAD (China) (approval number: SLXD-2016081019). The
mice were permitted water ad libitum and a maintenance diet
This journal is © The Royal Society of Chemistry 2018
under a 12 h light–dark cycle at a constant room temperature
(22 � 3 �C) and humidity (50% � 20%) during the experimental
period.
2.2 Chromatographic conditions for HPLC

The concentration of the RLX drug was determined using HPLC
equipped with an autosampler and with a chromatographic
separation column (symmetry C18 column, 2.5 � 4.6 cm). The
mobile phase was made up of 20 mM ammonium acetate buffer
(pH adjusted to 4.5 with glacial acetic acid) and acetonitrile
(67 : 33 v/v), and the ow rate was 1 mL min�1. The detection
wavelength for RLX was 288 nm.
2.3 Preparation of solution

RLX solution was prepared by dissolving in 0.1% DMSO, fol-
lowed by addition to 98.9% normal saline with 1% Tween 80.28

Articial intestinal uid containing 1% trypsin at pH 6.8 in
phosphate buffer saline was prepared, and the articial gastric
uid contained 1% pepsinum in 1 mol L�1 diluted HCl.27
2.4 Preparation of RLX-NSps

RLX-NSps were prepared by means of the anti solvent precipi-
tation method. Briey, RLX bulk powder was dissolved in
dimethyl sulfoxide (DMSO) and a stabilizer (SPC, TPGS and
mPEG2000–PCL2000) was dissolved in organic solvent; then, the
two solutions were mixed, forming a mixed solution containing
12.5 mg mL�1 RLX with the aid of ultrasonic agitation. Next,
0.4 mL of the mixed solution was injected into 5 mL of distilled
water by dropping along with ultrasonication at 250 W for 15
minutes. Finally, removal of the organic solvent and DMSO was
carried out. Briey, the solution containing the organic solvent
was placed in a dialysis bag in a beaker with continuous stirring
for 4 hours and distilled water was replaced every hour until no
organic solvent remained, yielding RLX-NSps (drug : stabilizer
¼ 1 : 2, weight ratio). Different drug–stabilizer ratios were tried
for the best stabilizing effect.
2.5 Size and morphology of RLX-NSps

To measure the mean particle size, the polydispersity index
(PDI) and the zeta potential of RLX-NSps were carried out using
dynamic light scattering at 25 �C. The samples of RLX-NSps
were measured in triplicate. All data are shown as the mean �
standard deviation (SD). The morphology of RLX-NSps was
observed using a JEM-1400 transmission electron microscope
by means of negative staining with 2% (w/v) uranyl acetate.
2.6 Stability of RLX-NSps in various physiological solutions

To study whether there was an interaction that may be induced
by nanoparticle aggregation under physiological conditions,
a series of in vitro stability experiments were undertaken. RLX-
NSps were mixed with phosphate buffered solution (PBS),
1.8% NaCl and 10% glucose (1 : 1, v/v) prepared as an isotonic
solution, followed by incubation at 37 �C. At certain time
intervals, measurement and analysis for changes in the mean
RSC Adv., 2018, 8, 23748–23756 | 23749
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particle size and particle distribution were carried out using
1 mL of sample in triplicate.

To evaluate the suitability of RLX-NSps for oral administra-
tion, RLX-NSps were mixed (1 : 4, v/v) with articial intestinal
uid and articial gastric uid and incubated at 37 �C and then
measured for particle size and particle distribution at specic
time intervals. Each sample was measured in triplicate.

2.7 Pharmacodynamic study

A classic animal model was used to mimic postmenopausal
osteoporosis through removing the ovaries of mice.29 The mice
in the sham and OVX groups were treated with 0.9% normal
saline vehicle daily. The mice were treated with penicillin
sodium by intramuscular injection daily at 1 week post-surgery.
The general conditions of the mice were observed daily, and the
body weight of mice was measured weekly. The mice were given
an oral administration by intragastric administration (i.g.) 12
weeks post-surgery.

Four-week-old female C57BL/6 mice (n¼ 36, weighing 20� 1
g) were obtained from the Academy of Military Medical Sciences
Laboratory Animal Center (Beijing, China) and randomly
divided into 4 groups with 9 mice each: (1) Sham: sham surgery;
(2) OVX: the mice were bilaterally ovariectomized under anes-
thesia; (3) RLX solution: OVX mice were treated i.g. with 10 mg
kg�1 body weight (BW) RLX solution once every day aer OVX
surgery;30 and (4) RLX-NSps: OVX mice were treated i.g. with
10 mg kg�1 BW RLX-NSps once daily aer OVX surgery (RLX-
NSps were dissolved in nine-fold volumes of acetonitrile for
the disintegration of NSps and then were ltered through a 0.22
mm lter before HPLC analysis).

Aer 3 weeks of oral administration, 9 mice from each group
were anesthetized with pentobarbital and exsanguinated before
euthanasia. Serum was separated and frozen at �80 �C until
analysis. Aer euthanasia, the bilateral tibias from each animal
were thoroughly dissected free from so tissue. The right tibia
from each animal was xed in 10% neutral-buffered formalin
and later used for micro computed tomography (micro-CT) and
histological slicing. The le tibia from each animal was used for
ex vivo cell culture.

2.8 Determination of bone BMD and microtomographic
histomorphometry by micro-CT

To evaluate the mass and microarchitecture of bone among the
4 groups, micro-CT was undertaken using an Inveon MM
system (Siemens, Munich, Germany) as previously described.31

Three-dimensional images of each proximal tibia were acquired
at an effective pixel size of 8.82 mm, and the system parameters
were a voltage of 80 kV, a current of 500 mA, and an exposure
time of 1500 ms for each of the 360 rotational steps.31

Parameters were calculated using an Inveon Research
Workplace (Siemens) as follows: bone volume/total volume (BV/
TV) and bone surface area/bone volume (BS/BV) were used in
order to evaluate the bone mass of the samples; mean trabec-
ular thickness (Tb.Th) was determined by the local thickness at
each voxel representing the trabecular meshwork; trabecular
number (Tb.N) was the number of times that trabeculae crossed
23750 | RSC Adv., 2018, 8, 23748–23756
the complete length in a random selection across the bone
volume analyzed and was calculated from the inverse of the
mean distance between the middle axes of the bone structure;
trabecular separation (Tb.Sp) was determined by the direct
thickness of the non-bone parts; BMD in the trabecular region
(0.5–1 mm distal to the proximal epiphysis) was determined
according to the guidelines formulated by the American Society
for Bone and Mineral Research.31 The linear equation of the
BMD was y ¼ 3.756x � 4190 (R2 ¼ 0.999).

Aer being xed in a 4% paraformaldehyde solution for 24
hours, the tibia were decalcied using 14.5% ethylenediamine
tetra-acetic acid buffer (pH, 7.2) at room temperature for 15
days. The decalcied conditions of the samples were observed
every day. The samples were embedded in paraffin and cut with
a microtome (Leica, Wetzlar, Germany) into 5 mm sections
through the coronal plane for hematoxylin and eosin staining
(HE staining).

2.9 Assay of biochemical markers in serum

To detect the biochemical markers in serum, blood samples
were collected from the orbits of mice. Blood samples were
collected into plastic tubes and centrifuged for 5 min at
5000 rpm. Then, the serum samples were separated and trans-
ferred to new tubes. All serum samples were stored at �80 �C
until assay. The serum levels of P1NP and b-CTX were measured
using the relevant enzyme-linked immuno sorbent assay kits
according to the manufacturer's protocols. Samples were
measured at least in duplicate.

2.10 Bone marrow stromal cell (BMSC) isolation, culture and
osteogenic differentiation

Generally, two ends of the femur and tibia were cut off with
a rongeur, and the marrow was ushed with 1 mL of a-MEM by
inserting a syringe needle into one end of the bone. Cells were
cultured in a-MEM medium containing 20% FBS, 100 U mL�1

penicillin G and 100 mg mL�1 streptomycin in 35 mm culture
dishes in a water-saturated atmosphere containing 5% CO2 at
37 �C. The culture medium was replaced with new a-MEM once
every 3 days. When the cells were detached upon reaching 90%
conuence in a 35 mm culture dish, cells were divided into two
10 cm Petri dishes. The passage 3–5 BMSCs were used for
assays.

2.11 CCK-8 assay and alkaline phosphatase (ALP)
quantication assay

When BMSCs were cultured to logarithmic phase, they were
seeded in 96-well plates (8 � 103 cells per well). There were 4
groups for each plate and 6 wells for each group. Aer each day
in 7 days of culture, 10 mL CCK-8 solution was added to each
well, followed by a 2.5 h incubation. Aer that, the absorbance
was measured at 450 nm with an enzyme calibrator.

When BMSCs were cultured to logarithmic phase, they were
then seeded in 6-well plates (8 � 105 cells per well) and the
culture medium was replaced with new a-MEM with 10 mM b-
sodium glycerophosphate + 0.05 M ascorbic acid + 10 nM
dexamethasone (for osteogenic differentiation) once every two
This journal is © The Royal Society of Chemistry 2018
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Table 1 Characterization of RLX-NSps prepared using different stabilizers and ratios of RLX/SPC (mean � SD, n ¼ 3)

Stabilizer Organic solvent RLX : stabilizer Size (nm) PDI Zeta potential (mV)

TPGS DMSO 1 : 2 176.8 � 9.24 0.382 � 0.07 27.3 � 2.00
mPEG2000–PCL2000 DMSO 1 : 2 627.1 � 29.87 0.142 � 0.01 �0.903 � 1.20
SPC Methanol 1 : 2 91.17 � 0.73 0.201 � 0.03 36.3 � 1.80
SPC Methanol 1 : 1 101.6 � 3.83 0.279 � 0.03 36.1 � 1.40
SPC Methanol 3 : 1 111.2 � 6.53 0.299 � 0.05 31.7 � 1.50
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days. Aer 7 days, the culture medium was removed and the
cells were washed with PBS 3 times. Then, 200 mL of 1% Triton
X-100 was added to each well for 10 min at room temperature.
Thereaer, cells were scraped from 6-well plates and put in
1.5 mL tubes. The cells were broken using an ultrasonic cell
disruptor. Finally, the cells were centrifuged for 30 min at
12 000 rcf at 4 �C. ALP and BCA were measured using kits
according to the manufacturer's protocol, and the experiments
were repeated at least 3 times.
2.12 Statistical analysis

Data are shown as the means � SD. Statistical analysis was
performed using SPSS v16.0 soware (IBM, Armonk, NY, USA).
One-way analysis of variance (ANOVA) with post hoc least
signicant difference (LSD) was carried out. P-values less than
0.05 were considered signicant.
3 Results and discussion
3.1 RLX-NSps was prepared by using SPC as a stabilizer

In this study, SPC, TPGS and mPEG2000–PCL2000 were tried as
stabilizers to prepare RLX-NSps at a drug–stabilizer ratio of 1 : 2
Fig. 1 Schematic representation of the preparation procedure and mec

This journal is © The Royal Society of Chemistry 2018
(weight ratio). As seen in Table 1, RLX-NSps that was prepared
by using SPC as a stabilizer had relatively good results, such as
the smallest mean diameter, the narrowest size distribution and
the highest zeta potential. Therefore, SPC was selected as
a stabilizer to prepare RLX-NSps for further study. The structure
of RLX-NSps and their expected mechanism were showed in
Fig. 1.

Furthermore, to investigate the effect of RLX/stabilizer ratios
on the properties of nanosuspensions, different ratios of RLX-
NSps were prepared. The results showed that the zeta poten-
tial (absolute value) decreased with an increase in the RLX/
stabilizer ratio. However, the results of the particle size and
PDI were inverse to the zeta potential. Aer consideration, an
RLX/stabilizer ratio of 1 : 2 was chosen for subsequent appli-
cations. The transmission electron microscopy image revealed
that RLX-NSps were spherical (Fig. 2).

Stabilizer plays a vital role in the preparation of nano-
suspensions. They have two main roles: to help obtain a small
size of nanosuspensions and to enhance the stability of the
nanosuspensions.32 The average diameter of the RLX-NSps was
(91.17 � 0.73) nm with a small PDI value of 0.201 � 0.03. TEM
observation revealed that the RLX-NSps were spherical. TEM
micrographs also demonstrated that the RLX-NSps were smaller
hanism for RLX-NSps.

RSC Adv., 2018, 8, 23748–23756 | 23751
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Fig. 2 TEM image of RLX-NSps. Scale bar: 200 nm.
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compared with observation by DLS examination because of the
particle shrinkage from the drying process.27 RLX had poor
solubility. Bulk RLX formed a turbid suspension with a sedi-
ment in water at the same concentration. However, RLX-NSps
showed clear colloidal suspension with light yellow opales-
cence. Therefore, the solubility problem of RLX was improved.

3.2 RLX-NSps were stable in various physiological media

The results in Table 2 show that the particle sizes in the
mixtures of RLX-NSps and isotonic glucose or physiological
saline did not have big uctuations aer incubation at 37 �C for
12 h. Moreover, the particle size in the RLX-NSps and PBS
mixture was slightly increased from 0 h to 2 h, but the particle
size was not obviously changed aer incubation at 37 �C from
2 h to 12 h. Besides, there were no signicant particle size
enlargements during the incubation of RLX-NSps with an arti-
cial intestinal uid or articial gastric uid. RLX-NSps were
stable in articial intestinal uid and articial gastric uid.
These results demonstrated that RLX-NSps were suitable for
oral drug delivery.

3.3 RLX-NSps obviously improved the microarchitecture of
bone in the tibia

Bone structure researches were mainly focused on stereology
research methods or computed tomography (CT) in the past
time, which cannot learn the microstructure of bone.33,34 Thus,
we adopted an advanced technology, micro-CT, to quantitatively
analyze various parameters of bone and study the micro-
structure of bone. To assess the bone mass and the bone
microarchitecture in 4 groups, BMD and bone morphometry
were carried out by micro-CT (Fig. 3 and 4). For the analysis of
the BMD and micro-CT of the proximal tibia, ex vivo analysis
Table 2 Size changes of RLX-NSps after incubation with various physio

Time (hour)

Size (nm)

Isotonic glucose
(5%)

Physiological
saline (0.9%)

0 131.9 � 2.99 110.6 � 0.82
2 138.3 � 4.92 112.0 � 1.27
4 143.5 � 9.42 112.9 � 1.21
6 144.2 � 4.90 111.2 � 2.81
12 152.4 � 3.28 117.1 � 2.53

23752 | RSC Adv., 2018, 8, 23748–23756
demonstrated that the OVX group exhibited markedly less BMD
compared with the sham group (p < 0.05), which means that the
mice indeed had induced bone loss aer OVX surgery. There
was no signicant difference between the sham and RLX-NSps
groups. The BMD of the RLX-NSps and RLX solution groups
increased signicantly compared with the OVX group (p < 0.01).
Moreover, the BMD of the RLX-NSps group was higher than that
of the RLX solution group (p < 0.01).

The results of micro-CT analyses demonstrated that the OVX
group had obviously less BV/TV, Tb.N, Tb.Th and more BS/BV,
Tb.Sp than the sham group (BV/TV, Tb.N, Tb.Th, BS/BV and
Tb.Sp: p < 0.01). Generally, consistent with the BMD results, the
RLX-NSps group had a better effect on bone microarchitecture
than the OVX and RLX solution groups. Of note, the RLX-NSps
group had an obvious difference in the tibia microarchitecture
compared with the OVX group (increased Tb.Th, BV/TV and
Tb.N: p < 0.01; decreased BS/BV and Tb.Sp: p < 0.01). Moreover,
the RLX-NSps group had a dramatically increased Tb.Th, BV/TV
and Tb.N compared with the RLX solution group (p < 0.01).
Additionally, the BS/BV and Tb.Sp in the RLX-NSps group were
lower than that of the RLX solution group (BS/BV: p < 0.01 and
Tb.Sp: p < 0.05). In addition, there was no signicant difference
in the BMD, BV/TV, Tb.Th, Tb.N, BS/BV, and Tb.Sp between the
RLX-NSps group and the sham group. Consistent with the RLX-
NSps group, the RLX solution group had a markedly increased
BV/TV and Tb.Th: (p < 0.05; Tb.N: p < 0.01) and a signicantly
decreased BS/BV and Tb.Sp: (p < 0.05) compared with the OVX
group. However, the RLX solution group had a notably
increased BS/BV and Tb.Sp and a signicantly decreased BV/TV,
Tb.N, and Tb.Th compared with the sham group (BV/TV and
Tb.N: p < 0.01; Tb.Th, BS/BV, Tb.Sp: p < 0.05).

To verify the radiologic evaluation of tibias, slices of decal-
cied tissues were analyzed and the results of bone
morphometry from histology were similar to those of the micro-
CT (data not shown) (Fig. 3C).

In this study, BMD, BV/TV, Tb.Th, Tb.N, BS/BV, and Tb.Sp of
the RLX-NSps and RLX solution groups were all improved
compared with the OVX group. This demonstrates that RLX can
partially attenuate bone loss effectively in the OVX mice.
Moreover, we detected that the RLX-NSps group had an obvious
improvement compared with the RLX solution group in terms
of the BMD, BV/TV, Tb.Th, Tb.N, BS/BV and Tb.Sp. Additionally,
no signicant difference was observed between the RLX-NSps
and sham groups based on the parameters of the bone
logical media at 37 �C for 12 h (mean � SD, n ¼ 3)

PBS
Articial
intestinal uid

Articial
gastric uid

111.8 � 1.83 128.6 � 4.50 109.4 � 6.02
130.1 � 5.20 134.2 � 3.57 115.8 � 3.24
135.3 � 8.67 146.5 � 0.81 120.3 � 1.80
136.4 � 2.48 159.1 � 3.01 130.4 � 3.33
140.0 � 5.29 160.3 � 2.88 132.5 � 4.95

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Representative images of changes in bonemicroarchitecture of
the proximal tibia in mice 3 weeks after treatment. The tibias in mice
were dissected and evaluated ex vivo by micro-CT and slicing of
decalcified tissues (HE staining); (A) the bone microarchitecture of
tibias of the four groups in the coronal plane; (B) the 3D diagram of the
bone microarchitecture of tibias in the transverse plane; (C) the
pictures of the slicing of decalcified tissues among the four groups (HE
staining).
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microtomographic histomorphometry and BMD. Based on
these parameters, we deemed that administration of RLX-NSps
partially attenuates bone loss in the OVX mice effectively
compared with the administration an RLX solution alone. The
results indicated that the efficacy of RLX in attenuating bone
Fig. 4 The parameters of BMD (A) and bone microarchitecture (BV/TV
(B), BS/BV (C), Tb.Sp (D), Tb.N (E), Tb.Th (F)) were measured in the
trabecular bone of the proximal tibia (1–2 mm distal to the proximal
epiphysis) by usingmicro-CT three weeks after treatment. Data are the
mean � SD, n ¼ 9. *P < 0.05; **P < 0.01.

This journal is © The Royal Society of Chemistry 2018
loss can be improved using nanotechnology. This research
showed that RLX can effectively enhance BMD and reduce the
risk of fractures by inhibiting bone resorption and had an effect
on improving the biochemical markers connected with bone
metabolism.15,35
3.4 RLX-NSps inhibited the bone resorption and increased
the bone formation

Data from the ELISA of P1NP and b-CTX from each group are
shown in Fig. 5. b-CTX is a marker of bone resorption. The
results indicated that the serum levels of b-CTX from the RLX-
NSps group markedly decreased compared with the OVX
group (OVX group: p < 0.01). The serum levels of b-CTX from the
RLX-NSps group were lower than that of the RLX solution group
(RLX solution group: p < 0.05). However, there was no signi-
cant difference among the RLX-NSps and sham groups. Thus,
the RLX-NSps group had an advantage in the serum level of b-
CTX compared with the RLX solution group. Of note, the serum
levels of b-CTX from the RLX solution group were signicantly
lower than the OVX group (p < 0.05). The serum levels of b-CTX
from the RLX solution group were markedly increased
compared with the sham group (p < 0.05) (Fig. 5A). Our study
suggested that the RLX-NSps and RLX solution groups had an
obvious effect on the serum level of b-CTX in OVX mice. Much
research has deemed that RLX attenuates bone loss and is used
to treat osteoporosis through its bone anti-resorption effect,36,37

which was consistent with our research.
P1NP is a marker of bone formation. The results indicated

that serum levels of P1NP from the OVX group were obviously
lower than in the sham group (p < 0.01). The serum levels of
P1NP from the RLX-NSps group dramatically increased
compared with the OVX and RLX solution groups (OVX group: p
< 0.01; RLX solution group: p < 0.05). Nevertheless, the serum
levels of P1NP in the RLX-NSps group had no signicant
Fig. 5 Serum levels of biochemical markers of bone turnover. Serum
levels of b-CTX (marker of bone resorption) (A) and P1NP (marker of
bone formation) (B) 3 weeks after treatment. Data are the mean � SD
of experiments performed in triplicate. *P < 0.05; **P < 0.01.

RSC Adv., 2018, 8, 23748–23756 | 23753
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difference compared with the sham group. Moreover, the serum
levels of P1NP in the RLX solution group were dramatically
higher than the OVX group (RLX group: p < 0.01) (Fig. 5B). Many
studies indicated that RLX treated osteoporosis through its
bone anti-resorption effects.36,37 However, the results of the
present study demonstrated that the RLX-NSps and RLX solu-
tion groups markedly enhanced the serum level of P1NP
compared with the OVX group and that there were no signi-
cant differences compared with the sham group. Of note, the
surprising part was that RLX had a certain effect on enhancing
the serum level of P1NP in our study. This interesting topic
merits further study.
3.5 RLX-NSps enhanced the proliferation and differentiation
of BMSCs

The results of proliferation and differentiation of BMSCs from
each group are shown in Fig. 6. To evaluate the effects on
proliferation of BMSCs in the 4 groups, CCK-8 assays were
performed. The results demonstrated that there was no signif-
icant difference between each group on days 1 and 2. For days
Fig. 6 The proliferation and differentiation of BMSCs ex vivo among
groups. BMSC proliferation was evaluated by the CCK-8 assay during 7
days (A). The growth rate among groups on day 7 (B). The ALP/BCA (a
marker of bone formation) during osteogenic differentiation of BMSCs
(C) 3 weeks after treatment. Data are means � SD from experiments
carried out in triplicate. *P < 0.05; **P < 0.01.

23754 | RSC Adv., 2018, 8, 23748–23756
3–6, there were signicant differences among some groups. The
BMSCs from the RLX-NSps group always had a relatively fast
growth during the entire process (data not shown) (Fig. 6A). On
day 7, the growth rate from the RLX-NSps group signicantly
increased compared with the OVX and RLX solution groups
(OVX group: p < 0.01; RLX solution group: p < 0.05). Neverthe-
less, there was no signicant difference between the sham and
RLX-NSps groups. Moreover, the growth rate of the RLX solution
group was signicantly higher than the OVX group (p < 0.05).
However, the growth rate from the RLX solution group had no
signicant difference compared with the sham group. In addi-
tion, the growth rate of the OVX group was dramatically lower
than the sham group (p < 0.05) (Fig. 6B).

To assess the effects on osteogenic differentiation in the 4
groups, the quantitative ALP assay was undertaken. The ALP/
BCA from the RLX-NSps group was higher than that of the
OVX and RLX solution groups (p < 0.01). Nevertheless, there was
no signicant difference between the sham and RLX-NSps
groups. Besides, the ALP/BCA of the sham and RLX solution
groups dramatically increased compared with that of the OVX
group (p < 0.01), but the results of the ALP/BCA from the sham
and RLX solution groups had no signicant difference (Fig. 6C).

BMSC proliferation and osteogenic differentiation are
benecial to bone reconstruction. ALP was secreted from the
immature osteoblasts, and ALP activity is considered as an early
differentiation marker.38 In our present study, the trend of the
quantitation of the ALP assay was similar to that of the rate of
cell growth. Therefore, RLX had an effect on enhancing bone
formation to a certain degree. Interestingly, RLX not only had
an advantage in inhibiting the bone resorption, but it also
enhanced the bone formation for treating the osteoporosis, and
the efficacy of the RLX-NSps group was superior to the RLX
solution group. In this study, nano-formulation of drugs can
improve the problem of poor solubility.

4 Conclusions

In the study, the obtained RLX-NSps showed small particle size
and outstanding stability in various physiological solutions.
Moreover, the RLX-NSps group had a better effect on the bone
microarchitecture than the RLX solution group. RLX-NSps
could partially attenuate bone loss more effectively than RLX
solution in OVX mice by inhibiting the bone resorption and
improving the ability of BMSC proliferation and osteogenic
differentiation to some extent. Based on these results, RLX-
NSps may be a promising delivery system for postmenopausal
osteoporosis.
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OVX
This journal is © The Royal Society o
Ovariectomized

mPEG2000–PCL2000; PEG MW
2000, PCL MW 2000
monomethoxypoly(ethylene
glycol)–poly(3-caprolactone)
ALP
 Alkaline phosphatase

BCA
 Bicinchoninic acid

BMSCs
 Bone marrow stromal cells

BS/BV
 Bone surface area/bone volume

BV/TV
 Bone volume/total volume

b-CTX
 Beta-isomerized C-telopeptide

CCK-8
 Cell counting kit-8

P1NP
 Procollagen type I N-terminal

propeptide

RLX
 Raloxifene hydrochloride

SPC
 Soybean lecithin

Tb.N
 Trabecular number

Tb.Sp
 Trabecular separation

Tb.Th
 Trabecular thickness

TPGS
 D-Alpha tocopherol acid

polyethylene glycol succinate
Acknowledgements

This work was supported by the National Natural Science
Foundation of China (No. U1401223) and the Beijing Municipal
Science & Technology Commission “Ten Diseases and Ten
Medicine” Research Project (No. Z171100001717017).

References

1 P. Fardellone, B. Cortet, E. Legrand, X. Bresse, S. Bisot-
Locard, A. M. Vigneron and A. Beresniak, Jt., Bone, Spine,
2010, 77, 53–57.

2 F. R. Golmohamdi, M. Abbasi, A. K. Karyani and A. A. Sari,
Electron. Physician., 2016, 8, 3434–3440.

3 Y. Kameda, M. Takahata, S. Mikuni, T. Shimizu, H. Hamano,
T. Angata, S. Hatakeyama, M. Kinjo and N. Iwasaki, Bone,
2015, 71, 217–226.

4 X. Luo, J. Zhang, C. Zhang, C. He and P. Wang, Disabil.
Rehabil., 2017, 39, 2315–2323.

5 C. Simonelli and M. S. Burke, Curr. Med. Res. Opin., 2006, 22,
1101–1108.

6 P. Hadji, S. Klein, H. Gothe, B. Haussler, T. Kless, T. Schmidt,
T. Steinle, F. Verheyen and R. Linder, Dtsch. Ärztebl. Int.,
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