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Introduction

Osteoporosis, characterized by decreased bone density and bone microarchitecture
destruction,' is becoming one of the most common skeletal diseases as well as a major
public health problem worldwide.? During osteoporosis, adipogenesis is increased at the
expense of bone formation, resulting in bone loss and fat increase in the bone marrow.>*
The disorders in bone and fat formation are mainly due to an imbalance between
osteogenic and adipogenic differentiation of multipotential mesenchymal stem cells, the
common precursors of osteoblasts and adipocytes in bones.>® Therefore, recovering the
osteogenic potential of bone mesenchymal stem cells (BMSCs) could alleviate bone loss

and indicates a potential therapeutic strategy for osteoporosis.” Seeking drugs that could
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regulate BMSC fate determination and clarifying the under-
lying mechanisms is critical for osteoporosis therapy.

The Wnt/B-catenin pathway, also known as the cano-
nical Wnt pathway, is essential for development and
homeostasis and is found to be strongly linked with bone
formation.®> Wnt protein acts on its cell surface receptor
to prevent p-catenin degradation.'® Then, the up-regulated
B-catenin translocates into the nucleus and stimulates the
expression of various downstream genes.'' Canonical Wnt
pathway facilitates osteogenic differentiation of BMSCs
by activating the expression of Runt-related transcription
factor 2 (RUNX2)'? and suppresses peroxisome prolifera-
tor-activated receptor-y transcription to inhibit adipogenic
differentiation of BMSCs."? Thus, drug modulation of
Whnt/B-catenin signaling pathway is beneficial for bone
turnover and osteoporosis treatment.

Traditional Chinese medicine has been used to treat
bone diseases and to promote bone healing, among which
Rhizoma Curculiginis (Xianmao) is a well-known “bone-
tonifying” herb. Rhizoma Curculiginis has been used to
treat limpness of the limbs, arthritis of the lumbar and
knee joints, and to strengthen tendons and bones.'* In
particular, Rhizoma Curculiginis extract has been reported
to increase bone mass and density in mouse and indu
new bone formation in a bone defect mouse model.'* T
limitations of previous studies are that they did pages

stimulating
bone formation and 1 ulation in bones.

OVX caused a sha

and promotes its translocation into the
nucleus in BMS&@ We further prove that OG controlled
BMSC:s differentiatid® via Wnt/B-catenin signaling pathway
since the effect of OG on BMSCs differentiation was abro-
gated by ICG-001, a Wnt/B-catenin agonist.

Materials and methods

Animals
We purchased 8-week female C57BL/6 mice from the
Laboratory Animal Research Center of the Southern

Medical University. Mice importation, transportation,
housing and breeding were conducted according to the
recommendations of “The use of non-human primates in
research®. The mice were randomly divided into sham,
OVX and OVX + OG groups. Sham surgery and bilateral
surgical ovariectomy (OVX) were performed by dorsal
approach under general anesthesia. Mice in the OVX +
OG group (n=10) were administered intragastrically with
OG (Selleck, 10 mg/kg/day, dissolved by normal saline to
a working concentration of 0.5 g/L) for 3 months after

OVX. Mice in the other two group e treated with

s of stiffness, ultimate load and Young’s
sing the following formula: Young’s modulus =
tifft. Ls3)/48.1, where Stifft is the stiffness, Ls is the
eparation of the supports and I is the second moment of
ea of the tibias. The stiffness was calculated by measur-
ing the slope of the force—displacement graph and the
ultimate load by measuring the maximum force that the
bone was able to resist. The second moment of area was
calculated using the microCT data and Image J software
and the plug-in Bone J.

Micro-CT scanning and analysis

Femurs were wiped off all surrounding soft tissues and
fixed by 4% phosphate-buffered paraformaldehyde imme-
diately. Bone structure was analyzed by a micro-CT sys-
tem (Viva CT40; Scanco Medical AG, Bassersdorf,
Switzerland).'® Briefly, scanning was performed at the
lower growth plate in the femora and extended proximally
for 300 slices. Morphometric analysis was started with the
first slice in which the femoral condyles were fully merged
and extended for 100 slices proximally. The trabecular
bone was segmented from the cortical shell manually on
key slices using a contouring tool, and the contours were
morphed automatically to segment the trabecular bone on
all slices. Trabecular parameters included trabecular bone
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mineral density (BMD, mg HA/ccm), bone volume frac-
tion (BV/TV, percent), number (Tb.N, number per milli-
meter), thickness (Tb.Th, micrometer) and separation (Tb.
Sp, micrometer).

Preparation of decalcified sections,
histochemistry and

immunohistochemistry (IHC) analyses

Femur tissues were then decalcified in 15% EDTA (pH 7.4)
at 4°C for 14 days. The tissues were embedded in paraffin,
and 5-um sagittal-oriented sections were prepared for his-
tological analyses. H&E staining was performed as pre-
viously described.'® Tartrate-resistant acid phosphatase
(TRAP) staining was performed using a standard protocol
(Sigma-Aldrich). For IHC, we incubated primary antibo-
dies which recognized mouse Runx2 (Cell Signaling,
1:100) and osteocalcin (Abcam, 1:500, ab93876) overnight
at 4°C. All sections were observed and photographed on an
Olympus BX51 microscope. Immunohistochemical stain-
ing was evaluated by positive cell number per bone peri-
meter. At least six different images at 40x magnification for
IHC staining were taken and evaluated by using ImagelJ Pro.

BMSCs

We isolated and cultured mouse BMSCs 2

adipocytic differentiation media

contained 10
xanthine, 100
(Selleck) was added as stated in the Results section.

dexamethasone, 0.5 mM isobutylmethyl-
indomethacin and 10 mg/L insulin. OG

Cell staining

Cells were fixed in 4% paraformaldehyde for 20 mins at
room temperature. For ALP staining, osteogenic differen-
tiated BMSCs were washed, incubated with ALP staining
buffer (NBT-BCIP, Sigma-Aldrich) at 37°C for 30 mins
and washed with PBS to remove excess dye. For Alizarin

Red staining, the fixed cells were washed with water and
stained in Alizarin Red solution (Merck Millipore) for 30
mins at room temperature. Oil Red O staining was per-
formed to detect lipid droplets as described previously.?'

Real-time reverse transcription-
polymerase chain reaction

Total RNA was isolated from cell pellets with TRIzol
Reagent (Life Technologies, #15596-018) and reverse tran-
scribed (2.5 mg per sample in a 50 mL reaction volume)

iothreitol and 1 mM phenylmethylsulfonyl fluoride. The
lysates were centrifuged and the supernatants were separated
by SDS-PAGE and blotted onto a nitrocellulose membrane
(Bio-Rad Laboratories). The membrane was then incubated

with specific antibodies to Runx2 (Cell Signaling
Table | PCR primers
Gene Strand Sequence (5" to 3"')
Runx2 Forward AGGGACTATGGCGTCAAACA
Reverse GGCTCACGTCGCTCATCTT
Ocn Forward CAGACACCATGAGGACCATC
Reverse GGACTGA GGCTCTGTGAGGT
Osx Forward CGCTTTGTGCCTTTGAAAT
Reverse CCGTCAACGACGTTATGC
PPAR-y Forward GGAAGACCACTCGCATTCCTT
Reverse GTAATCAGCAACCATTGGGTCA
C/EBPa. Forward CAAGAACAGCAACGAGTACCG
Reverse GTCACTGGTCAACTCCAGCAC
Adiponectin Forward TGTTCCTCTTAATCCTGCCCA
Reverse CCAACCTGCACAAGTTCCCTT
GAPDH Forward GCA CAG TCA AGG CCG AGA AT
Reverse GCC TTC TCC ATG GTG GTG AA
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Technology, #12556S, 1:1,000), Osteocalcin (Abcam,
#ab76690, 1:1,000), peroxisome proliferator-activated recep-
tor gamma (PPARy, Cell Signaling Technology, #2443,
1:1,000), C/EBPa (Cell Signaling Technology, #8178,
1:1,000) and adiponectin (Abcam, #ab22554, 1:2,000). The
membrane was then visualized by enhanced chemilumines-
cence (ECL Kit, Amersham Biosciences).

Statistics
All results are presented as the mean + SD Curve analysis
was determined using Prism (GraphPad). The data in each
group were analyzed using unpaired, two-tailed Student’s
t-test. The level of significance was set at P<0.05.
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Results

OG prevents bone loss in ovariectomized
mice

Firstly, we constructed osteoporosis mouse model by bilat-
eral ovariectomy (OVX) (Figure S1A), which is a widely
used animal model resembles menopausal osteoporosis in
human.”? Two months after surgery, OVX mice exhibited
significant body weight gain (Figure S1B), suggesting a
loss of ovary function in the mice and successful model
establishment. Accordingly, images from microCT test of

femoral metaphysis showed a signié ecular bone

=N
o
1

Young’s Modulus (GPa)
()]

‘(‘fb& OA-\~ xOO
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Figure | Orcinol glucoside (OG) prevents bone loss in OVX mice. (A) Representative images of micro-CT analysis of the structure of metaphyseal trabecular bone in the
distal femur showed bone loss in OVX mice and regain of bone mass in OVX mice fed with OG (OVX+OG). (B) The structure parameters were calculated. Scale bar: | mm
(n=5 mice for each group). (C) Three-point bending test showed that stiffness, ultimate load and Young’s modulus were all reduced in OVX mice tibias, while OG
administration reversed the reduction of these parameters. *p<0.05, ¥*p<0.01. Plots show mean % SD.

Abbreviation: ns, not significant.
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decreased the trabecular BMD, BV/TV, Tb.N and Tb.Th
levels of mice bone (Figure 1B). We also performed a
three-point bending test to determine the effects of OVX
on mouse tibia bone strength. It revealed reduced structure
stiffness, ultimate load and Young’s modulus measures in
OVX mice (Figure 1C). To test the anti-osteoporosis role
of OG, we fed OVX mice with OG after surgery. Oral
administration of OG resulted in regain of trabecular bone
mass (Figure 1A), preservation of the trabecular bone
architecture (Figure 1B) and promotion of bone strength
(Figure 1C) significantly but no change in the body weight
(Figure S1B) was observed in OVX mice.

OG stimulated osteogenesis and inhibited

adipogenesis in mice bone

We then sought to determine how OG influenced bone
mass in OVX mice. As osteoblasts are the main bone-
forming cells, we firstly detected the variation of osteo-
blast number in the bones. Immunostaining of markers of
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osteoblasts, Runx2 (Figure 2A and C) and osteocalcin
(Figure 2B and D) showed that OG increased osteoblast
number in OVX bone. Bone loss in OVX mice is also
related to elevated bone resorption, and we thus deter-
mined whether osteoclast number was affected by OG.
TRAP staining showed that osteoclast number remained
unchanged in OG-OVX mouse bone (Figure 2E and G).
Excessive adipogenesis in bone marrow also contributes to
the pathogenesis of osteoporosis, and we then evaluated
the fat mass in mouse bone. As shown in Figure 2F and H,
OG reduced bone marrow fat in @

SC cell lineage
es to the bone loss

H&E staining
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Figure 2 Orcinol glucoside (OG) promoted osteoblast formation and inhibited lipid formation in mice bone. Representative images of immunostaining of (A) Runx2 and (B)
osteocalcin (OCN) and positive cells on the bone surface were measured as cells per millimeter of perimeter in sections (/B.Pm) (C, D). TRAP (E) and H&E (F) staining of
mice distal femur. The number of osteoclasts (N.TRAP+) on the bone surface (/B.Pm) (G) and adipocytes in the bone marrow (H) was measured. Scale bars represent 100

pm in (A), (B), (E) and 200 pm in (F). *p<0.05. All data are mean * SD.
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formed less mineralization nodules as revealed by Alizarin
Red staining (Figure 3A), whereas they generated more
lipid droplets (Figure 3B), compared with SHAM BMSCs.
Thus, OVX BMSCs impaired osteoblastic differentiation
but facilitated adipocyte differentiation capacity. We then
analyzed whether OG increased osteoblast number in
mouse bone by promoting osteoblast formation from
BMSCs. Ki-67 staining revealed that OG exerted no
effects on BMSC proliferation (Figure S2). However,
osteoblastic differentiation of the cells was markedly
enhanced by OG, as OG-treated BMSCs exhibited an
increased amount of Runx2 and Osteocalcin mRNA
(Figure 3C) and protein (Figure 3D) expression. The influ-
ence of OG on the development of the osteoblast pheno-
type from MSCs was evaluated by monitoring the
formation. When OG was added to the osteogenic med-
ium, the phosphatase alkaline staining showed an increase
in comparison with cells not treated with OG (Figure 3E).
Moreover, Alizarin Red staining proved facilitated miner-
alization of BMSCs by OG (Figure 3F). These results OG
favors osteoblastic differentiation of BMSCs.

OG attenuated adipocytic differentiatio
of BMSC in vitro

Oil Red O

were all inhibited by OG treatment (Figure 4A).
Moreover, protein levels of the three markers were also
suppressed by OG (Figure 4B). In addition, the influence
of OG on the adipocyte phenotype was evaluated. The
formation of lipid droplets, a characteristic of the adipo-
cyte formation process, was monitored using the Oil Red
O staining. As shown in Figure 4C, BMSCs treated with
OG presented less development of fat in the cells. These
results suggested the inhibitory role of OG on adipogenic

differentiation of BMSCs.

OG activated Wnt/B-ca

BMSCs

We then explored the
regulation of BMSCs

to attenuate adipo-
Inhibition of Wnt/p-

sis showed a decreased level of active

s, while OG treatment increased the o-ABC
prmal (Figure 5A). The function of many tran-
cription factors is associated with changes in their intra-
llular localization between the cytoplasm and the
ucleus. We then found that OG treatment led to a-ABC
accumulation in the nucleus of BMSCs (Figure 5B), which
promoted the transcriptional activity of a-ABC. These

. Ctrl
= 0OG

o
e
»

Relative fold chang

Figure 3 Orcinol glucoside (OG) promoted osteoblastic differentiation of bone mesenchymal stem cell (BMSC) in vitro. (A) Alizarin Red staining of osteogenic
differentiated BMSC obtained from SHAM and OVX mice bone marrow. (B) Oil Red O staining of adipogenic differentiated BMSC collected from mice bone marrow
showed decreased lipid formation in OVX BMSCs as compared with sham BMSCs. (C) qPCR analysis showed increased Runx2, OCN and osterix (OSX) mRNA expression
in BMSCs treated with OG versus their control (Ctrl) treated with PBS. *p<0.05. Data are mean * SD. (D) Western blot analysis showed elevated protein level of Runx2 and
osteocalcin in BMSCs treated with OG versus their control (Ctrl). (E) ALP staining showed enhanced OB differentiation of BMSCs by OG. (F) Alizarin Red staining proved
facilitated mineralization of BMSCs by OG.
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Figure 4 Orcinol glucoside (OG) attenuated adipocytic differentiation of bone mesenchymal stem cell (BMSC) in vitro. (A) qPCR analysi d increased mRNA level of

BMSCs by OG. (C) Oil Red O staining proved attenuated lipid formation in BMSCs by OG.

@ during OVX
pathway. The

findings suggest that OG activated Wnt/p-catenin signaling
in BMSCs. X
important findings of

Whnt/B-catenin mediated the effects of . The most important

OG on lineage commitment of BMSCs
We next determined whether Wnt/B-catenin mediated the
effect of OG on BMSCs differentiation. As mentioned
above, OG promoted osteoblastic markers, Runx2 and
Osteocalcin, expression in BMSCs. This promotion effect
01

Chinese medicine theories, Rhizoma
on osteoblastic differentiation was abrogated by I

staining also showed that the facilitated differentiati ine, and thus, Rhizoma Curculiginis affects bone
metabolism expectedly. However, these effects had not
These results suggested that OG p
differentiation of BMSCs via
pathway. Wnt/B-catenin signali

been demonstrated by modern scientific methods and it is
unknown which active constituent of it exerts the effects.
In the present study, we investigated the skeletal effects of
the inhibitory role of OG ic di iati OG (Figure S3) on osteoporotic mice and explored the
BMSCs, since the sup, i possible mechanisms.

(Figure 6C) and lipg i In order to evaluate the effect of OG on osteoporosis,
BMSCs by OG igng
naling inhibition.

we utilized OVX mouse model. OVX mouse imitates
OG recovers bone  postmenopausal osteoporosis in human, which is caused

B B-catenin DAPI Merge

Ctrl 0G

Ctrl
Al -catenin e WO S— d
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B-actin .-. -

Figure 5 Orcinol glucoside (OG) activated Wnt/B-catenin signaling in bone mesenchymal stem cells (BMSCs). (A) Western blot analysis of active B-catenin and total p-
catenin levels in BMSCs treated with PBS (Ctrl) or OG. (B) Immunofluorescence staining of B-catenin showed that OG promoted the nuclear translocalization of B-catenin
in BMSCs.
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was reversed by ICG-001.

by estrogen deficiency. Estrogen depletion enhances bone
resorption and subsequently stimulates bone formation.
The levels of increase of bone resorption exceed those of
bone formation in the estrogen-depleted condition, thus
causing a net reduction of bone mass.?> Current therapies  bo ious factors affected osteoblast differen-

for postmenopausal osteoporosis are limited to anti-resorp- tiati 'mation via Wnt signaling. Our mechan-

tive agents. Although such agents would generally istic stu d that OG activates Wnt/B-catenin signaling
considered beneficial, biomechanical bone competen . Previous studies revealed that OG has antioxida-
may be compromised if bone resorption is ¢ ¢ properties,””>” and Almeida et al reported that oxidative

tress antagonizes Wnt signaling in osteoblast precursors.>'
ese findings provide an explanation for Wnt/B-catenin
activation in BMSCs by OG in the present study.

Conclusion

Taken together with this study, we revealed here that OG
rescued the dysfunction of BMSCs and attenuated bone
loss during osteoporosis via activating Wnt/B-catenin sig-
naling pathway, indicating that OG is a potential candidate
for developing a drug for osteoporosis treatment.

Abbreviation list

and facilitated a&@ogenic differentiation of endogenous BMSC, bone mesenchymal stem cell; C/EBP, CCAAT-
BMSCs contributed®o the decreased bone volume and  Enhancer-Binding Proteins; MSC, mesenchymal stem
increased fat mass in OVX mice. Moreover, recent cell; OG, orcinol glucoside; OVX, bilateral surgical ovar-
advances in the elucidation of the pathophysiology of osteo-  jectomy; PPARY, peroxisome proliferator-activated recep-
porosis in the elderly indicate that the loss of balance  tor gamma; RUNX2, Runt-related transcription factor 2;
between osteoblastogenesis and adipogenesis in bone mar- ~ TRAP, Tartrate-resistant acid phosphatase.
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Figure S3 The chemical structure of OG.
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