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Abstract

In this study, we explore whether the pro-osteogenic effects of sialoglycoprotein from Carassius auratus eggs (Ca-SGP) involve
mesenchymal stem cells (MSCs). Ovariectomized osteoporotic mice treated with Ca-SGP had increased bone formation and
reduced bone marrow adipose tissue. As MSCs are common progenitors of osteoblasts and adipocytes, we isolated MSCs from
Ca-SGP-treated mice and found that they tended to differentiate into osteoblasts over adipocytes confirmed by Alizarin red and
Oil red O staining. This change was seen at the gene and protein level. To further explore the effect of Ca-SGP on MSCs, we
isolated MSCs from healthy mice and treated them with Ca-SGP in vitro. We discovered that Ca-SGP promoted MSC differ-
entiation to osteoblasts. In addition, Ca-SGP promoted osteogenesis and reduced the fat in marrow cavity of adolescent mice. For
the first time, our results demonstrate that Ca-SGP promotes osteogenesis via stimulating MSCs to commit to osteoblasts.
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Introduction

Osteoporosis, a severe bone metabolic disease, affects hun-
dreds of millions of people worldwide (Hendrickx et al.
2015). The imbalance between bone formation and bone ab-
sorption is an important inducement of osteoporosis (Min
et al. 2017); however, in the past decade, there has been a
growing awareness that bone remodeling is also blocked by
excess fat, implying that bone and fat are both closely related
to bone loss (Abdallah and Kassem 2012; Cao 2011; Kawai
et al. 2009). Current therapeutic strategies for osteoporosis
include inhibition of osteoclast activity and enhancement of
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osteoblast activity; however, the widely used drugs
bisphosphonates and parathyroid hormone are costly (Brar
2010; Moro Alvarez et al. 2016), such as femoral shaft stress
fractures. With a new understanding of osteoporosis patho-
genesis, effective and safe treatments are to be developed.

Mesenchymal stem cells (MSCs) are multipotent cells and
have been found in both bone marrow and compact bone (da
Silva Meirelles et al. 2006; Pittenger et al. 1999). MSCs are
common progenitors of osteoblasts and adipocytes, which are
functional cells in the formation of bone and fat, respectively
(Chen and Shou 2016; Nombela-Arrieta et al. 2011).
Osteoblasts and adipocytes co-regulate the balance of osteo-
genesis and adipogenesis and have a reciprocal relationship.
Therefore, as MSCs differentiate into one cell line, they grad-
ually lose their ability to differentiate into another (Uccelli
et al. 2008). Defective osteogenic differentiation of MSCs
can simultaneously result in bone loss and lipoatrophy, which
is supported by clinical observations that bone loss caused by
age or ovariectomy is often associated with increased bone
marrow fat (Cohen et al. 2012). Hence, improving the ability
of MSCs to differentiate into osteoblasts is an effective thera-
peutic strategy to promote osteogenesis and improve osteopo-
rosis (Matsushita and Dzau 2017; Nuttall et al. 1998).
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Fish eggs, the main by-product of fish processing, con-
tain all the substances necessary for hatching and various
functional components, including polyunsaturated fatty
acids, DHA/EPA-phospholipid, lecithin and glycoproteins
(Olsen et al. 2014). However, its high-value utilization has
not been explored. Sialoglycoprotein isolated from eggs of
Carassius auratus (Ca-SGP) inhibits bone resorption by
suppressing the activation of osteoclastogenesis (Xia et al.
2015b) and promotes osteogenesis by facilitating matura-
tion of MC3T3-E1 pre-osteoblastic cells (Xia et al. 2015a).
However, the effect of Ca-SGP on the modulation between
bone and fat is still unknown.

Our present study is designed to explore whether the pro-
osteogenic effect of Ca-SGP is due to effects on MSCs. We
isolated MSCs from compact bone of mice and clarified this
question both in vivo and in vitro. Our research establishes the
basis for a novel application of C. auratus eggs as a functional
food used to accelerate bone formation.

Materials and methods
Preparation of Ca-SGP

Ca-SGP was provided by Guanghua Xia (Ocean University of
China, Qingdao, China) and its properties have been previ-
ously described (Xia et al. 2015a).

Animals and experimental design

Animal protocols were approved by the ethical committee of
experimental animal care at Ocean University of China (cer-
tificate no. SYXK20120014). All animal experiments were
carried out following institutional guidelines. Six-week-old
female C57BL/6J mice (17+1 g) and three-week-old male
ICR mice (20+2 g) were obtained from Vital River
Laboratory Animal Center (Beijing, China; license ID
SCXK2012-0001). Animals were housed 3—4 per cage under
standard conditions (12 h light/12 h dark cycle, 23+1 °C
controlled temperature, food and water ad libitum).

After adaptive feeding for 1 week, C57BL/6J mice
underwent bilateral ovariectomy to establish a postmeno-
pausal osteoporosis model (OVX, n=24). A sham opera-
tion group was established simultaneously (sham, n =8).
After 10 weeks, OVX animals were randomly divided into
three groups (n = 8 mice per group) as follows: model (treat-
ed with physiological saline), positive control (treated with
alendronate sodium; 1 mg/kg body weight) and Ca-SGP
(treated with Ca-SGP; 400 mg/kg body weight). The
sham-operated group was treated with physiological saline.
Physiological saline or respective drugs were given by ga-
vage once a day for 90 days (10 ml/kg body weight). After
90 days of treatment, animals were sacrificed and femurs
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and tibiae were quickly isolated followed by an assessment
of bone mineral density, bone histomorphometry and micro-
computerized tomography analysis.

After adaptive feeding for 1 week, ICR mice were ran-
domly divided into two groups (n =8 mice each): normal
(treated with physiological saline) and Ca-SGP (treated
with Ca-SGP; 400 mg/kg body weight). The mice were
intragastrically given a volume of 10 ml/kg/bodyweight
once a day for 21 days. Mice were sequentially injected with
20 mg/kw/bw tetracycline hydrochloride solution
(Solarbio, Beijing, China) and 5 mg/kw/bw calcein solution
(Tokyo Chemical Industry, Tokyo, Japan). The interval be-
tween the first and second injection was 10 days and the
second injection was administered 2 days before sacrifice.
After 21 days of treatment, animals were sacrificed to obtain
femurs for subsequent experiments.

Bone mineral density and bone formation rate testing

Dual-energy X-ray absorptiometry was performed to deter-
mine the BMD of femurs using a GK99-UNIGAMMA X-
RAY PLUS Bone Densitometer (L’acn, Lainate, Italy).

To analyze dynamic bone growth, proximal femurs of ICR
mice were decalcified for 3 h in 10% (w/v) EDTA. After gra-
dient dehydration using ascending grades of ethanol, samples
were embedded in paraffin, sectioned (10 pwm thickness) and
dewaxed for 1 h. Then, anti-fluorescence quenching reagents
(Solarbio, Beijing, China) were added for accurate observa-
tion under fluorescence microscopy.

Bone histomorphometry

For hematoxylin and eosin (H&E) staining, the distal fe-
murs of C57BL/J6 mice and ICR mice were fixed in 10%
(w/v) neutral formaldehyde for 24 h and decalcified in 8%
(w/v) EDTA decalcifying solution for 3 weeks. Then, the
decalcified samples were embedded in paraffin after dehy-
dration with ethanol and sectioned (6 wm thickness) for
subsequent staining.

Micro-computerized tomography analysis

Left tibiae were fixed with 8% neutral formaldehyde for 24 h
and after washing with running water, tibiae were stored in
saline. A micro-CT system (p-CT80 scanner Scanco Medical,
Bassersdorf, Switzerland) was used for u-CT analysis and the
scanning was performed at 70 kV, 114 mA. The coronal im-
ages were collected at a resolution of 10 um per pixel and
reconstructed to 3D images for morphometric analysis.
Quantification of trabecular morphometric indices was per-
formed in a defined cancellous bone area located 1 mm below
the epiphyseal line of the proximal end of the tibia. Trabecular
morphology was described by measuring the bone volume
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fraction (bone volume/tissue volume, BV/TV), trabecular
thickness (Tb.Th), trabecular number (Tb.N), trabecular sep-
aration (Tb.Sp), connectivity density (Conn.D) and structure
model index (SMI).

Cell culture

The isolation of MSCs from mouse compact bone was per-
formed as previously described (Zhu et al. 2010). MSCs were
cultured in Low Glucose Dulbecco’s Modified Eagle’s
Medium (L-DMEM; Gibco, Gaithersburg, MD) containing
15% (v/v) fetal bovine serum (FBS; Biological Industries,
Kibbutz Beit-Haemeck, Israel) and 0.1% (w/v) penicillin-
streptomycin (Sangon Biotech Co. Ltd., Shanghai, China) at
37 °C with 5% CO,. Adherent MSCs were passaged with
0.25% (w/v) trypsin and 0.02% (w/v) EDTA-Na, (Solarbio,
Beijing, China) and used for experiments at passage 3.

For immunophenotyping analysis, 1 x 10° cells were resus-
pended in 100 pl of cold PBS and stained with PE-conjugated
anti-mouse CD44 (eBioscience, California, USA) and isotype
antibodies (eBioscience, California, USA) for 30 min at 4 °C
in the dark. Then, the cells were centrifuged twice at 4 °C with
cold PBS (300 g, 8 min). PI (0.6 pg per million cells) was
added in 300 pl cold PBS and incubated for 15 min at room
temperature in the dark to evaluate the cell viability. Finally,
the data were analyzed by FACSCalibur and WinMDI 2.9
software.

Cell differentiation assays

For differentiation to osteoblasts, MSCs (3 x 10%/well) were
seeded in a 24-well plate and induced by L-DMEM supple-
mented with 15% (v/v) FBS, 107 M dexamethasone (DEX;
Sigma, St. Louis, MO, USA), 10 mM {3-glycerol phosphate
(B-GP; Sigma, St. Louis, MO, USA) and 50 uM ascorbic acid
(VC; Sigma, St. Louis, MO, USA) for 21 days.

For differentiation to adipocytes, MSCs (3 x 10*/well)
were seeded in a 24-well plate and induced by high glucose
DMEM (H-DMEM; Sigma, St. Louis, MO, USA) supple-
mented with 15% (v/v) FBS, 10°® M DEX, 0.5 mM
isobutylmethylxanthine (IBMX; 10 ng/ml; Sigma, St.
Louis, MO, USA), 10 pg/ml insulin (Sigma, St. Louis,
MO, USA) and 0.2 mM indomethacin (Sigma, St. Louis,
MO, USA) for 8 days.

For transdifferentiation from osteoblasts to adipocytes,
MSCs (3 x 10%/well) were seeded in a 24-well plate and cul-
tured with osteoplastic inducers for 21 days before switching
to an adipogenic hormonal cocktail for another 14 days.

For transdifferentiation from adipocytes to osteoblasts,
MSCs (3 x 10%/well) were seeded in a 24-well plate and cul-
tured with an adipogenic hormonal cocktail for 8 days before
switching to osteoplastic inducers for another 28 days.

All the medium was changed every 2 days.

Alizarin red and oil red O staining

For Alizarin Red staining, media was removed and cells were
washed twice with D-Hanks; then, the cells were fixed with
95% alcohol for 20 min and stained with 0.5% (w/v) Alizarin
Red-Tris (Sigma, St. Louis, MO, USA) for 30 min. After
washing thoroughly with deionized water, stained cells were
photographed with an inverted microscope (IX51, Olympus,
Tokyo, Japan).

For Oil Red O staining, cells were washed twice with D-
Hanks and then fixed for 30 min with 5% (v/v) glutaraldehyde.
Cells were then stained with filtered 0.5% Oil-red O (Sigma,
St. Louis, MO, USA) diluted with 2/3 volume of water for
0.5 h. After washing with 60% (v/v) isopropanol, lipid drop-
lets were photographed with an inverted microscope (IX51,
Olympus, Tokyo, Japan).

Quantitative real-time polymerase chain reaction
analysis

After 14 days of treatment for differentiation to osteoblasts
and 8 days of treatment for differentiation to adipocytes,
mRNA expression of key genes regulating osteoblast differ-
entiation and adipocyte differentiation was examined by qRT-
PCR. The primers of Runt domain-containing transcription
factor 2 (Runx2), peroxisome proliferator-activated
receptor-y (PPARYy), CCAAT/enhancer binding protein-o
(C/EBPw), alkaline phosphatase (ALP), osteocalcin (OCN),
glucose transporter 4 (Glut4), fatty acid binding protein 4
(ap2) and beta-actin were synthesized by Sangon Biotech
Co. Ltd. Total RNA was extracted using RNeasy Mini Kit
(QIAGEN, Hilden, Germany) and 1 pg RNA was transcribed
to cDNA with 1 ul M-MLV, 1.5 pl random primer and 2 pl
dNTPs. Then, cDNA was amplified in a 25-ul reaction con-
taining SYBR Green mix (Roche, Basel, Switzerland) using a
quantitative real-time PCR thermocycler (iQ5, Bio-Rad,
Hercules, CA). The amplification conditions were as follows:
initial denaturation at 95 °C for 10 min followed by 40 cycles
of 95 °C for 15 s, 60 °C for 10 s and 72 °C for 45 s. The
relative mRNA levels were expressed as the ratio of target
gene expression to the housekeeping gene {3-actin. The
primers used in this study are shown in Table S1.

Western blot analysis

The protein expression of PPARy and Runx2 was measured
by Western blotting. Primary rabbit anti-PPARy (#2435) and
RUNX2 (#12556) antibodies were from Cell Signaling
(Beverly, MA, USA). After 14 days of treatment for differen-
tiation to osteoblasts and 8 days of treatment for differentiation
to adipocytes, cells were washed twice with ice-cold D-Hanks
and lysed using RIPA buffer (Solarbio, Beijing, China) con-
taining a protease inhibitor mixture (Solarbio, Beijing, China)
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to obtain the total protein. Protein concentration was deter-
mined by BCA kit (Solarbio, Beijing, China). Equal amounts
of protein were separated by SDS-PAGE and then transferred
to a polyvinylidene fluoride membrane (Millipore, Bedford,
MA). The membrane was blocked with 1x TBS containing
5% (w/v) BSA for 2 h at room temperature. After blocking, the
membranes were incubated overnight at 4 °C with the respec-
tive primary antibodies. Subsequently, the membranes were
incubated with goat-anti rabbit [gG-HRP secondary antibody
(Catalog: SA00001-2, proteintech) for 2 h. Then, an ECL stain
kit (Applygen, Beijing, China) and ImageJ program were used
to visualize and quantify protein bands. 3-actin was analyzed
as a reference for total protein.

Statistical analysis

All data were presented as mean = SD for at least three inde-
pendent experiments. One-way analysis of variance
(ANOVA) followed by the Tukey’s test were used to assess
the differences between individual groups. Differences were
considered as significant with P < 0.05.

Results

Ca-SGP increased bone mineral density of mice
with osteoporosis

BMD is regarded as an important index to evaluate bone

strength and diagnose osteoporosis (Rosen 2005). As shown
in Fig. 1, in the osteoporotic model group (OVX-C), femur
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Sham OVX-C ALN Ca-SGP
Fig. 1 Ca-SGP increased bone mineral density of osteoporotic mice.
Femurs were collected and treated with dual-energy X-ray absorptiome-
try. Data are presented as the mean + SD (n =8 per group). Multiple
comparisons were done using one-way ANOVA analysis. *P < 0.05 ver-
sus Sham group; *P < 0.05 versus OVX-C group
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BMD was significantly reduced by 8.83% compared with the
normal group (sham). However, BMD recovered by 9.69%
after 3 months of treatment with Ca-SGP over the OVX-C
group, indicating that Ca-SGP promoted osteogenesis.

Ca-SGP ameliorated cancellous bone
microarchitecture

To further investigate the effects of Ca-SGP on bone in OVX
mice, the proximal tibia was analyzed by u-CT. The coronal
images of mice proximal tibia (Fig. 2a) and 3D (Fig. 2b)
images showed that Ca-SGP significantly prevented bone loss
in OVX mice. Table 1 showed that OVX induced the deteri-
oration of trabecular microarchitecture as evidenced by sharp-
ly decreased trabecular bone volume fraction (BV/TV), tra-
becular number (Tb.N), the trabecular thickness (Tb.Th) and
increased trabecular separation (Tb.Sp). However, Ca-SGP
rescued the damaged trabecular structure remarkably.
Morphometry data indicated that compared with the OVX-C
group, Ca-SGP increased the BV/TV, Tb.N, Tb.Th and the
connectivity density (Conn.D) by 29.27%, 56.31%, 21.63%
and 80.90%, respectively. Moreover, Ca-SGP decreased the
Tb.Sp and structure model index (SMI) by 36.71% and
15.52%.

Ca-SGP maintained the balance of bone and fat
in marrow cavities of osteoporotic mice

An increasing number of studies have found that a reciprocal
relationship exists between bone quality and bone adiposity.
In our study, we found that mice with ovariectomy-induced
osteoporosis also had reduced trabeculae and increased bone
marrow adiposity in the femoral bone marrow space. In con-
trast, Ca-SGP ameliorated these adverse changes. Histologic
analysis showed that the number of trabeculae increased and
bone marrow adipose tissue (BMAT) decreased in the Ca-
SGP-treated group, indicating that Ca-SGP enhanced osteo-
blast function and weakened adipocyte function (Fig. 3).

Ca-SGP stimulated osteoporotic MSCs to differentiate
into osteoblasts

Given that osteoblasts and adipocytes both originate from
MSCs, we sought to determine if Ca-SGP influenced differ-
entiation of MSCs. Therefore, we isolated MSCs from com-
pact bone and cultured them in vitro. An adherent layer of
typical vortex-shaped cells developed within 6 days (Fig. 4a)
and flow cytometry analysis revealed that the mesenchymal
surface marker CD44 was positive (Fig. 4b, c).

Then, we induced MSCs to undergo osteogenesis. Alizarin
Red staining revealed that MSCs isolated from osteoporotic
mice had significantly reduced osteogenic differentiation po-
tential compared with MSCs from the normal group (Fig. 5a).
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Fig. 2 Effects of Ca-SGP on the
bone microstructure of OVX-
induced osteoporotic model mice.
Coronal images of the mice left
proximal tibia (a—d) were
scanned by p-CT and 3D images
(e-h) were reconstructed by u-CT
analysis of the area located 1 mm
below the epiphyseal line of the
proximal end of the tibia (n=5
per group)

However, treatment with Ca-SGP restored differentiation po-
tential to osteoblasts. Additionally, Ca-SGP up-regulated ex-
pression of osteogenic genes, such as Runx2, ALP and OCN
and down-regulated adipogenic genes, such as PPAR~,
C/EBPa, ap? and Glut4 (Fig. 5b). Elevated protein expression
of Runx2 and decreased protein expression of PPARy were
also observed compared to the model group in Fig. 5(c).
Taken together, these data suggested that Ca-SGP stimulated
osteoporotic MSCs to differentiate into osteoblasts.

Ca-SGP inhibited osteoporotic MSCs to differentiate
into adipocytes

As the differentiate of MSCs into osteoblasts and adipo-
cytes are opposite processes, MSCs were induced to under-
go adipogenesis and Oil Red O staining was performed to
determine the degree of fat droplet generation. Compared
with MSCs separated from the normal group, there were
more fat droplets in osteoporotic MSCs, indicating signif-
icantly enhanced adipogenic differentiation potential. As
shown in Fig. 6(a,b), Ca-SGP decreased intracellular fat

droplets in model MSCs and down-regulated expression
of adipogenic genes, such as PPAR~y, C/EBP«, ap2 and
Glut4, indicating reduced potential to differentiate into ad-
ipocytes. In addition, Ca-SGP up-regulated the expression
of osteogenic genes, such as Runx2, ALP and OCN.
Furthermore, decreased protein expression of PPARYy and
elevated protein expression of Runx2 were also observed
compared with the model group. Therefore, we concluded
that Ca-SGP inhibited the differentiation of osteoporotic
MSCs into adipocytes.

Ca-SGP improved osteogenic conversion potential
and reduced adipogenic conversion potential in MSCs
isolated from osteoporotic mice

As we observed that Ca-SGP-treated MSCs had higher ex-
pression of osteogenic markers than the model group when
induced to become adipocytes (Fig. 6), we considered that
higher osteogenic conversion potential remained even after
8 days of adipogenic induction. Therefore, we performed a
transdifferentiation experiment from adipogenesis to

Table 1 Trabecular microstructural properties of left tibia evaluated ex vivo by micro-CT

BV/TV Tb.N (mm ) Tb.Th (mm) Tb.Sp (mm) Conn.D (mm°) SMI
Sham 6.8 £ 0.50 3.97 021 0.070 + 0.006 0.22 +0.02 85.56 + 2.07 2.18 £ 0.11
OVX-C 4.1 + 050" 1.65 + 0.12% 0.042 + 0.004" 0.57 + 0.03" 17.28 + 1.10% 2.58 + 0.08%
ALN 6.2 +0.58" 291 +0.15" 0.048 + 0.004 0.34 +0.02"" 33.72 £ 1.62 2.11 +0.07"
Ca-SGP 53 +047" 258 +0.117 0.051 = 0.004" 036 + 0.03™ 31.25 +0.86" 2.18 +0.06"

Data are presented as mean = SD (n =5 per group). Multiple comparisons were done using one-way ANOVA analysis followed by Tukey’s test

##P < 0.01 versus sham group; *P < 0.05; **P < 0.01 versus OVX-C group

BV/TV bone volume fraction (bone volume/tissue volume), 7h.N trabecular number, 7b.Th trabecular thickness, 7h.Sp trabecular separation, Conn.D

connectivity density, SMI structure model index
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Fig. 3 Ca-SGP increased trabecular bone and reduced the number of

adipocytes in osteoporotic mice. The distal femur was embedded in
paraffin after 3 weeks of decalcification. H&E staining of 6-pm paraffin

osteogenesis. The results of Alizarin Red staining showed that
Ca-SGP enhanced the potential for MSCs to undergo osteo-
genic conversion than cells from model mice (Fig. 7a).
Similarly, to test the hypothesis that Ca-SGP weakened
adipogenic conversion potential during osteogenesis differen-
tiation, we performed a transdifferentiation experiment from
osteogenesis to adipogenesis. The results showed that MSCs
isolated from the Ca-SGP group had reduced lipid droplets
compared to cells from the model group (Fig. 7b), indicating

sections was performed (n =4). a’>-d’ The regions of inserted frames in
a—d, respectively. Scale bar 200 pm (a—d). Scale bar 100 pm (a’-d’).
Thick arrows represent trabeculae and thin arrows represent adipocytes

that Ca-SGP attenuated the potential of MSCs to undergo
adipogenic conversion.

Ca-SGP altered the differentiation potential of normal
MSCs in vitro

To further explore whether Ca-SGP-induced alteration of
MSC differentiation potential also exists in vitro, we iso-
lated compact bone MSCs from normal mice and treated
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ALL 18059
R 0
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Fig. 4 Morphological features and immunophenotypic characterization of
compact bone-derived mouse mesenchymal stem cells. a An adherent layer
of vortex-shaped cells developed, scale bar 100 um. b The expression of

@ Springer

T OO ) O

102 10” 10° 10 102 10”
(F1)[L] 02_00021136 080.LMD:FL2 Log

Region Number %Total %Gated X-Mean HP X-CV
22.87 ALL 10373 69.51 100.00 168 1.37

0 0.00 R 9422 63.14 90.83 179 1.37

the isotype control. ¢ The cells were harvested by trypsin digestion and
stained with phycoerythrin (PE)-conjugated anti-mouse CD44 antibody.
The data were analyzed by FACSCalibur and WinMDI 2.9 software
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Fig. 5 Ca-SGP stimulated
differentiation of osteoporotic
MSCs into osteoblasts. a—a”’
Alizarin Red staining of MSCs
after inducing osteoblast
differentiation for 21 days. b
Relative expression of osteoblast
and adipocyte markers in MSCs
from all groups of mice after
inducing osteoblast
differentiation for 21 days. c, ¢’ 6.0 -
Protein expression and
quantification of Runx2 and
PPARYy in MSCs after inducing
osteoblast differentiation for

14 days. Beta-actin was used as
the internal control for protein
test. Values are presented as mean
+ SD for three independent ex-
periments. Multiple comparisons
were done using one-way
ANOVA internal. #P <0.01 ver-
sus Sham group; *P <0.05,
*#*P<0.01 versus OVX-C group

(e

mRNA expression of key genes

Cc

Sham

OVX-C

"R - -
~ .-

Pactin | o — — —

them with Ca-SGP. Then, we performed the osteoblastic
differentiation and adipogenic differentiation assays (Fig.
8). Results of Alizarin Red and Oil Red O staining re-
vealed that Ca-SGP promoted differentiation of MSCs
into osteoblasts and inhibited differentiation of MSCs into
adipocytes. These in vitro results were consistent with the
data observed in vivo and also verified the impact of Ca-
SGP on MSCs.

Ca-SGP promoted osteogenesis in adolescent mice

Since Ca-SGP changed the differentiation potential of normal
MSCs, we wondered about the influence of Ca-SGP in
healthy mice. In 3-week-old ICR mice, BFR was performed
after 21 days of gavage of Ca-SGP (400 mg/kg of body
weight). Ca-SGP promoted osteogenesis as calculated by the
longer distance between tetracycline hydrochloride and the
calcein-labeled osteoid layers (Fig. 9).

sk

OSham
mOVX-C
OALN

BCa-SGP

OCN PPARY C/EBPa

ALN Ca-SGP

1.6 -

OSham
mOVX-C
OALN
Ca-SGP

Relative protein expression

Ca-SGP influenced the bone and fat in marrow cavity
of healthy mice

We next asked whether Ca-SGP influenced bone and fat for-
mation in healthy mice. As shown by histological analysis in
Fig. 10, a remarkable increase of bone trabeculae and dimin-
ished adipocytes were observed in the bone marrow space.

Discussion

In the present study, our results demonstrated that Ca-SGP
significantly increased the bone mineral density of ovariecto-
mized mice, indicating pro-osteogenetic properties of Ca-
SGP, consistent with previous studies (Wang et al. 2016; Xia
etal. 2015a). As seen in most bone loss conditions (Rosen and
Bouxsein 2006; Yao et al. 2008), we also found increased
bone marrow adiposity in addition to bone loss in osteoporotic
mice through histologic analysis. Treatment with Ca-SGP
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mRNA expression of key genes
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PPARy W D S S

s Lt
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Fig. 6 Ca-SGP inhibited differentiation of osteoporotic MSCs into
adipocytes. a—a”” Oil Red O staining of MSCs after inducing adipocyte
differentiation for 8 days, scale bar 100 pum. b Relative expression of
adipocyte and osteoblast markers in MSCs from all groups of mice after
inducing adipocyte differentiation for 10 days. ¢, ¢’ Protein expression and

maintained the balance of bone and fat in the marrow cavity.
Due to the fact that adipocytes and osteoblasts both arise from
MSCs, we next investigated whether Ca-SGP promoted oste-
ogenesis by influencing MSCs.

MSCs are a type of non-hematopoietic stem cell found in
the bone marrow stroma and they account for only a small
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Runx2

PPARY

quantification of PPARy and Runx2 in MSCs after inducing adipocyte
differentiation for 8 days. Beta-actin was used as the internal control.
Values are presented as mean + SD for three independent experiments.
Multiple comparisons were done using one-way ANOVA internal.
##P < 0.01 versus sham group; *P < 0.05; **P < 0.01 versus OVX-C group

fraction of nucleated cells in the bone marrow. Whole bone
marrow adherent culture is a common method for isolation of
MSCs in rats and humans (Goshima et al. 1991; Phinney et al.
1999). However, mouse bone marrow MSCs are not easily
obtainable by this method due to contamination with hemato-
poietic cells. Therefore, in this mouse study, we chose an
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Sham

Fig. 7 Ca-SGP altered the transdifferentiation ability of MSCs isolated
from osteoporotic mice. a—a”” Alizarin Red staining of transdifferentiated
MSCs isolated from all groups of mice when induced to osteoblast

efficient and reliable protocol for the isolation of MSCs from
compact bones and FACS analysis showed that these cells
were positive for murine mesenchymal marker CD44, which
was consistent with the literature (Tuli et al. 2003; Zhu et al.
2010), so we used these compact bone-derived MSCs for
subsequent research.

A two-step process consisting of lineage commitment
and maturation determines differentiation of MSCs (Chen
and Shou 2016). Lineage commitment is the process by

Fig. 8 Ca-SGP altered the
differentiation potential of normal
MSCs in vitro. a—a” MSCs were
treated in medium containing f3-
GP (10 mM) and VC (50 pg/ml)
with Ca-SGP-L (100 pg/ml) or
Ca-SGP-H (200 pg/ml) followed
by Alizarin Red staining of
MSCs. b—b” Oil Red O staining
of MSCs after inducing adipocyte
differentiation for 8 days, scale
bar 100 um

ALN

differentiation. b—b™” Oil Red O staining of transdifferentiated MSCs
from all groups of mice when induced to adipocyte differentiation, scale
bar 100 pm

which MSCs become lineage-specific progenitors and this
process is dependent on many critical signaling pathways,
transcription factors and hormones (Cristancho and Lazar
2011). Runx2 is a master transcriptional regulator of dif-
ferentiation of MSCs into osteoblasts (Liu et al. 2016) and
PPARYy regulates differentiation of MSCs into adipocytes
(Kawai and Rosen 2010). Runx2*" mice have impaired
skeletal mineralization (Komori et al. 1997) and repression
of PPARYy by antagonists promotes MSC differentiation
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Fig. 9 Ca-SGP promoted osteogenesis of adolescent mice. After injection with 2.5 mg/ml tetracycline hydrochloride solution and 2.5 mg/ml calcein
solution at a dose 20 mg/kg body weight, proximal femurs of ICR mice were used to analyze dynamic bone growth (n = 3). Scale bar 20 um (a, b)

into osteoblasts and osteogenesis (Marciano et al. 2015).
Therefore, regulation of Runx2 and PPARy controls the
MSC fate switch between osteoblasts and adipocytes and
is responsible for the bone health. After lineage commit-
ment, lineage-specific transcriptional regulators activate
downstream target genes leading to a final differentiation
phenotype (Chen and Shou 2016). In this study, we found a
remarkable facilitative effect of Ca-SGP on Runx2 expres-
sion and conversely, a suppressive effect on PPAR~y expres-
sion. We also observed increased expression of down-
stream osteogenic markers such as ALP and OCN and re-
duced downstream adipogenic markers such as ap2 and
Glut4. Taken together, these results demonstrated that
Ca-SGP has pro-osteogenic properties through acting on
MSCs. This conclusion was also supported by an increase
in calcium deposition and reduction in lipid formation after
induction of MSCs to differentiate into osteoblasts and
adipocytes.

The observed pro-osteogenic effect of Ca-SGP on
MSCs also helped to explain our previous results. For
example, the step of differentiation from preosteoblast to
mature osteoblasts is included in differentiation from

MSCs to mature osteoblasts; so, it is easy to understand
that Ca-SGP promoted MC3T3-El differentiation. We
had also previously demonstrated that Ca-SGP sup-
presses the activation of osteoclastogenesis. As the se-
cretion of adipocytokines contributes to osteoclast for-
mation (Cornish et al. 2006; Elefteriou et al. 2005;
Takeda 2012), the reduction of adipocyte may have
inhibited osteoclast function, providing new insight into
understanding the effects of Ca-SGP on osteoclasts.

Except for differentiation to several different cell types,
MSCs also have the ability to undergo transdifferentiation
that reflects its plasticity. Osteoblasts differentiated from
MSCs can be induced to become mature adipocytes and
accordingly, mature adipocytes differentiated from MSCs
have the ability to re-form the calcification matrix in an
osteogenic differentiation solution (Beresford et al. 1992;
Dorheim et al. 1993). In this study, we observed elevated
expression of osteoblast genes, highly repressed adipocyte
genes and decreased potential of adipogenic conversion in
MSCs from Ca-SGP-treated osteoporotic mice. These ob-
servations supported that the pro-osteogenesis was due to
a shift in commitment of MSCs toward osteoblasts.

Fig. 10 Ca-SGP influenced the bone and fat in marrow cavity of healthy
mice. The distal femur was embedded in paraffin after 3 weeks of
decalcification. H&E staining of 6 um paraffin sections was performed
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(n=3). b, ¢ The regions of inserted frames in a and d, respectively. Scale
bar 200 pm (a, d). Scale bar 100 um (b, ¢)
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Conclusion

To our knowledge, our present study was the first to examine
the effects of Ca-SGP on differentiation of MSCs. Based on
the results reported here, we concluded that one of the mech-
anisms of Ca-SGP-induced osteogenesis is promoting MSCs
to differentiate into osteoblasts and inhibiting its differentia-
tion into adipocytes.
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