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Abstract: Ginsenoside Rc is one of the active components used in traditional Chinese medicine.
We aim to explore how ginsenoside Rc can be used in the treatment of osteoporosis. Micro-CT
demonstrated that the treatment of ovariectomized (OVX) mice with ginsenoside Rc significantly
inhibited the decrease in bone mineral density, bone volumetric fraction, and trabecular number, and
the increase in trabecular separation. Histological staining, qRT-PCR, and Western blot demonstrated
that ginsenoside Rc enhances the microstructure of trabecular bone, and promotes the expression of
bone formation-related genes. Alkaline phosphatase (ALP) staining, Alizarin Red staining, qRT-PCR,
and Western blotting demonstrated that ginsenoside Rc dose-dependently promoted the osteogenic
differentiation of MC3T3-E1 cells. A ginsenoside Rc-induced increase in the expression of (3-catenin,
p-GSK-33, collagen-1, ALP, and RUNX-2 family transcription factor-2 was significantly attenuated
upon 10 uM XAV-939 treatment, while the decrease in the expression of GSK-3f3 and p-[3-catenin was
significantly enhanced. Ginsenoside Rc promotes bone formation in ovariectomy-induced osteoporo-
sis in vivo and promotes osteogenic differentiation in vitro via the Wnt/ 3-catenin signaling pathway.

Keywords: bone formation; ginsenoside Rc; osteoporosis; Wnt signaling pathway

1. Introduction

Osteoporosis is characterized by a significant reduction in bone mass, mineral density,
and strength, leading to increased fragility and bone fractures with high morbidity and
mortality [1]. Bone remodeling includes bone resorption and bone formation, and bone
homeostasis is maintained through the dynamic balance of the two. In osteoporosis, bone
formation is weakened and bone resorption is enhanced; therefore, bone resorption exceeds
bone formation, resulting in changes in the quantity and structure of cortical and cancellous
bone [2]. This further leads to a decrease in bone density, strength, and stiffness [3].

At present, the main clinical treatment for osteoporosis is drug-based interventions.
Estrogen replacement treatment was once considered to be the first-line drug for the
prevention and treatment of menopausal osteoporosis [4]. Estrogen can effectively inhibit
bone resorption and regulate balance. However, in addition to acting on bone, estrogen can
also strongly stimulate other tissues, causing breast cancer and uterine bleeding [5]. In a
study [6] of breast cancer caused by long-term use of estrogen (average 17.2 years), 11.2%
of estrogen users developed breast cancer, and the relative risk (RR) of estrogen use was
2.8 [95% confidence interval (95%CI) 1.3-5.9]. Bisphosphonates are currently commonly
used drugs in the clinical treatment of osteoporosis, but the most serious side effects are
atypical femoral fractures and jaw osteonecrosis. Therefore, finding a drug with fewer
side effects and good effects has become an urgent problem to be solved in the treatment
of osteoporosis. Therefore, more attention has been given to natural medicinal plants,
especially some edible herbs and isolated active compounds, to treat this ailment.
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Ginsenoside Rc, one of the major protopanaxadiol-type saponins, is one of the main
active ingredients of traditional Chinese medicine. The chemical structure is shown in
Figure 1.

OH OH

Figure 1. The chemical structure of ginsenoside Rc.

Ginsenosides are the main active components of ginseng [7], which is a rare and
precious Chinese medicine produced in Northeast China. Traditional Chinese medicine is
famous for its multiple pharmacological effects and mild side effects [8,9].

Ginsenoside Rc has analgesic, anti-allergy, anti-tumor, and sedative effects [10]. Gin-
senoside Rc may be a potent antidiabetic drug that significantly enhances glucose up-
take [11]. It exhibits potent anti-inflammatory activities both in vitro and in vivo [12,13]. In
addition, ginsenoside Rc is involved in scavenging reactive oxygen species (ROS) [14].

In recent years, a large number of studies have revealed that ginsenosides can promote
cell proliferation and osteogenesis, as well as inhibit osteoclast activity. The protopanaxadiol-
type ginsenosides include Rb1, Rb2, Rb3, Rc, Rd, and Rh2. Among them, ginsenosides
Rb1 [15], Rb2 [16], Rd [17], and Rh2 [18,19] promote cell proliferation and osteogenic differ-
entiation. The chemical structure of Rc is similar to that of these. Compound K (CK), the
metabolite of Rc, can promote osteogenesis through the Wnt signaling pathway [20].

Genetic studies in both humans and mice have established that Wnt signaling is crucial
in stimulating osteoblastogenesis and the bone formation process [21-23]. Accordingly, this
signaling is currently an enticing target for drug development to battle skeletal diseases [24].

Therefore, we wondered whether ginsenoside Rc could be used to treat osteoporosis
via activating the Wnt signaling pathway. In the present study, we aim to investigate the
effects of ginsenoside Rc on osteoporosis and the underlying mechanisms in vitro and
in vivo.

The most commonly used model for the establishment of osteoporosis is the ovariec-
tomized model (OVX) obtained by ovariectomy. Following ovariectomy, animals develop
symptoms similar to the state of postmenopausal bone loss in humans [25]. In the in vivo
study, we chose C57Bl/6 female SPF mice to establish the OVX model, which has the
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advantages of being inexpensive and less demanding on feeding, while C57B1/6 is easy to
reproduce and robust, and is widely used in physiological research. MC3T3-E1 cells were
selected for in vitro experiments in this study. The MC3T3-E1 mouse calvaria-derived pre-
osteoblast cell line established in Japan [26] has contributed remarkably to the investigation
of the role of osteoblasts in bone formation [27,28].

2. Results
2.1. Ginsenoside Rc Promotes Bone Formation in Ovariectomy-Induced Osteoporosis In Vivo
2.1.1. Ovariectomized Mice Have Increased Weight

An animal model of osteoporosis was successfully established. To explore the effect
of ginsenoside Rc, OVX or sham-operated mice were administered 25 mg/kg ginsenoside
Rc, 50 mg/kg ginsenoside Rc, 1 mg/kg 17 B-estradiol, or NaCl via gavage every day
for 3 months. There were no animal deaths or other adverse events prior to the sacrifice.
Weekly body weight measurements demonstrated that mice in the OVX group were sig-
nificantly heavier than the sham group from week 4. The body weight of mice in the
OVX + 25 mg/kg Rc, OVX + 50 mg/kg Rc, and OVX + E2 groups was significantly lower
than that in the OVX group (Figure 2A). No obvious pathological changes in the heart, liver,
spleen, lungs, and kidneys were observed (Figure 2B).
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Figure 2. (A) Weight of mice in five groups. Week —1 represents the day when mice underwent
ovariectomy. Week 0 represents the day that the administration of the therapeutic drug via gavage
began. * p < 0.05, ** p < 0.01, *** p < 0.001, for the Sham group vs. OVX group. # p < 0.05, ## p < 0.01,
##H# p < 0.001, for the OVX + 25 mg/kg Rc group vs. OVX group. & p < 0.05, && p < 0.01, &&& p < 0.001,
for the OVX + 50 mg/kg Rc group vs. OVX group. ¢ ¢ p <0.01, e p < 0.001, for the OVX + E2 group
vs. OVX group. (B) HE staining of heart, liver, spleen, lungs, and kidneys among the five groups.
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2.1.2. Ginsenoside Rc Can Increase BMD in OVX Mice

Micro-computed tomography (micro-CT) exhibited a 14.2% reduction in bone mineral
density (BMD), a 68.4% reduction in bone volume fraction (BV/TV), a 57.4% reduction in
the number of trabeculae (Tb.N), and a 153% increase in trabecular separation (Tb.Sp) in
the OVX group compared with the sham group (Figure 3A,B). Only BMD was elevated in
the OVX + 25 mg/kg Rc group compared with the OVX group. Compared with the OVX
group, the BMD, BV/TV, and Tb.N of the OVX + 50 mg/kg Rc group and the OVX + E2
group were all increased, and the Tb.Sp were all decreased. Although ginsenoside Rc
treatment did not completely protect mice from OVX-induced bone loss, bone mass in
OVX mice treated with 50 mg/kg ginsenoside Rc almost recovered the parameters to
pre-surgery values.
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Figure 3. Ginsenoside Rc can increase BMD in OVX mice. (A) Three-dimensional reconstructed
images of micro-CT 3 months after surgery. (B) Calculation of BMD, BV/TV, Tb.N and Tb.Sp using
micro-CT 3 months after surgery. Data are presented as the mean + SD, n = 3 specimens/group,
*p <0.05, ** p < 0.01. BMD, bone mineral density; BV/TV, bone volumetric fraction; Tb.Sp, trabecular
separation; Tb.N, trabecular number.

2.1.3. Effects of Ginsenoside Rc on Trabecular Bone Tissue of Distal Femur in Mice

Histological analysis of the distal femur was performed using hematoxylin and eosin
(HE) staining, Masson staining, and immunohistochemical staining (Figure 4A,B). HE stain-
ing showed that compared with the sham group, the distal femur volume of the OVX group
was larger, and the trabecular arrangement of the metaphysis was relatively disordered.
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The number of trabecular bones was increased in the OVX + 25 mg/kg Rc group compared
to the OVX group. The volume of the distal femur in the OVX + 50 mg/kg Rc group and
the OVX + E2 group was decreased, and the metaphysis trabecular arrangement was
relatively orderly. Masson staining demonstrated that the blue collagen fibers were greatly
reduced in the OVX group compared with the sham group. Compared with the OVX group,
OVX + 25 mg/kg Rc, OVX + 50 mg/kg Rc, and OVX + E2 groups exhibited a large number
of blue collagen fibers in the growth plate and trabecular bone. Immunohistochemistry
demonstrated very weak staining of alkaline phosphatase (ALP), bone morphogenetic
protein (BMP)-2, RUNX family transcription factor 2 (RUNX-2), collagen-1 (COL-1), and
osteocalcin (OCN) in the OVX group compared to the sham group. Compared with the
OVX group, the staining of OVX + 25 mg/kg Rc, OVX + 50 mg/kg Rc, and OVX + E2
groups was significantly enhanced.

2.1.4. Ginsenoside Rc Prevents OVX-Induced Bone Loss by Promoting the Expression of
Bone Formation-Related Genes

The Coll, Alp, Runx2, Bmp2, and Ocn mRNA expression in the OVX group was signifi-
cantly lower than those in the sham group (Figure 5A), and the mRNA expression of Alp,
Runx2, Bmp2 in the OVX + 25 mg/kg Rc group was significantly increased. Furthermore,
Coll, Alp, Runx2, Bmp2, and Ocn mRNA expression was significantly increased in the
OVX + 50 mg/kg Rc group. In terms of mRNA expression, the OVX + 50 mg/kg Rc group
was second only to the OVX + E2 group. The expression of Coll, Alp, Runx2, Bmp2, and Ocn
in the OVX group at the protein level was consistent with mRNA expression results and sig-
nificantly lower than that in the sham group (Figure 5B). There was no significant difference
between the OVX + 25 mg/kg Rc group and the OVX group in terms of protein expression.
However, the expression of COL-1, ALP, RUNX-2, BMP-2, and OCN was significantly
increased in the OVX + 50 mg/kg Rc group, and the therapeutic effect was comparable to
that in the OVX + E2 group. Therefore, ginsenoside Rc prevented OVX-induced bone loss
by promoting the expression of bone formation-related genes.

2.2. Ginsenoside Rc Promotes Osteogenic Differentiation In Vitro
2.2.1. Low Concentrations of Ginsenoside Rc Promote the Viability of MC3T3-E1 Cells

We used cell counting kit-8 (CCK-8) to evaluate the effect of ginsenoside Rc on
MC3T3-E1 cell viability. MC3T3-E1 cells grew well (Figure 6A). MC3T3-E1 cells were
cultured with different concentrations (0, 25, 50, 100, 200, 400, and 800 uM) of ginsenoside
Rcfor 1, 3, and 5 days (Figure 6B). The results demonstrated that 25-200 uM ginsenoside Rc
exhibited the effect of promoting cell viability on the first day. On the third day, 50-100 pM
ginsenoside Rc exhibited the effect of promoting cell viability, while 800 uM ginsenoside Rc
exhibited significant inhibition of cell viability. On the fifth day, only 25 uM ginsenoside Rc
promoted cell viability, while 100-800 pM ginsenoside Rc exhibited significant inhibition of
cell viability. To determine whether high concentrations of ginsenoside Rc were toxic to
cells after day 5 and whether high concentrations of ginsenoside Rc promoted cell differen-
tiation and thus slowed cell viability, we performed live-dead cell staining. Live-dead cell
staining (Figure 6C) and cell count analysis (Figure 6D) demonstrated that the proportion
of dead cells upon treatment with 100-200 uM ginsenoside Rc was significantly increased.
Therefore, 100-200 uM ginsenoside Rc was not conducive to cell survival after day 5.



Int. J. Mol. Sci. 2022, 23, 6187 6 of 22

A

OVX + OvVX+ OVX +
Ohan OV 25 mg/kg Re 50 mg/kg Re E2

., .," %
H&E staining £

BB e
8

)

Masson staining

IHC-ALP

IHC-BMP-2

IHC-RUNX-2

IHC-COL-1

IHC-OCN

B

ALP BMP-2 Runx-2 COL-1 OCN

M Sham

H OVX

W OVX+25mg/kg Re
O OVX+50mg/kg Re
@ OVX +E2

e

St
S0
F&

[\NN)

Figure 4. Effects of ginsenoside Rc on trabecular bone tissue of distal femur in mice. (A) Histological
analysis of the distal femur including HE staining, Masson staining, and immunohistochemistry.
(B) The expression of ALP, BMP-2, RUNX-2, COL-1, and OCN in stained femurs were analyzed using
Image J software. Data are presented as the mean + SD, n = 3 specimens/group, * p < 0.05, ** p < 0.01,
% p < 0.001.
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Figure 5. Ginsenoside Rc can prevent OVX-induced bone loss by promoting the expression of bone
formation-related genes. (A) After 14 days of osteogenic induction, the expression of Col1, Alp, Runx2,
Bmp2, and Ocn mRNA was assessed via qRT-PCR. (B) The expression of Col1, Alp, Runx2, Bmp2, and
Ocn was assessed via Western blotting analysis after 14 days of osteogenic induction. Quantification
of protein expression is shown. Data are presented as the mean & SD, n = 3 specimens/group,
*p <0.05,*p <0.01, *** p < 0.001, relative to the OVX group.
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Figure 6. Low concentrations of ginsenoside Rc promote the viability of MC3T3-E1 cells. (A) Growth
of MC3T3-E1. (B) The cell viability of MC3T3-E1 cells on days 1, 3, and 5. (C) Fluorescent image of
live-dead cell staining of MC3T3-E1 cells on day 5. (D) The number of live-dead MC3T3-E1 cells
on day 5. Data are presented as the mean + SD, n = 3 specimens/group, * p < 0.05, ** p < 0.01,
*** p < 0.001.
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2.2.2. Ginsenoside Rc Dose-Dependently Promotes the Osteogenic Differentiation of
MC3T3-E1 Cells

ALP activity was enhanced in MC3T3-E1 cells cultured in an osteogenic induction
medium for 7 and 14 days. ALP activity was increased in a dose-dependent manner upon
treatment with 0-200 uM of ginsenoside Rc (Figure 7A,B).
25uM

50 uM 100 uM 200 uM

* kk
1.5+ *kk
* Kk 0 HM
KK 25 M
1.0 - 50 uM
100 uM
200 uM
0.5- "
0.0-
day7 dayl4

Figure 7. Ginsenoside Rc dose-dependently promotes the ALP activity in MC3T3-E1 cells. (A) ALP
staining and (B) ALP quantitative assay on days 7 and 14 of osteogenic differentiation. Data are
presented as the mean + SD, n = 3 specimens/group, *** p < 0.001.

Alizarin Red S staining exhibited an intense red color in MC3T3-E1 cells after 21 days
of differentiation (Figure 8A). Consistent with the staining results, the Alizarin Red signal
quantification demonstrated that 0-200 uM ginsenoside Rc dose-dependently promoted
calcium deposition (Figure 8B).

2.2.3. Ginsenoside Rc Promotes Expression of Osteogenesis-Related Genes

Based on the results of CCK-8, live-dead cell staining, ALP staining, and Alizarin Red
S staining, we believe that 50 uM ginsenoside Rc was appropriate to promote osteogenic
differentiation of MC3T3-El1 cells. After cells were treated with 50 uM ginsenoside Rc, the
expression of Coll, Alp, Runx2, Bmp2, and Ocn mRNA was 11-26 times higher than that in
the control group after 14 days (Figure 9A). The expression of osteogenesis-related proteins
in the treatment group was about 1.2 times that of the control group (Figure 9B,C).
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Figure 8. Ginsenoside Rc dose-dependently promotes the osteogenic mineralization of MC3T3-E1
cells. Mineralization was measured via (A) Alizarin Red staining and (B) quantitative assay after
21 days of osteogenesis. Data are presented as the mean =+ SD, n = 3 specimens/group, *** p < 0.001.

2.2.4. Ginsenoside Rc Promotes Osteogenic Differentiation of MC3T3-E1 Cells via the
Wnt/B-Catenin Signaling Pathway

To explore the pathway by which ginsenoside Rc regulated the osteogenic differentia-
tion of MC3T3-E1 cells, we examined the Wnt/ 3-catenin signaling pathway, which is crucial
in osteogenesis. The expression of relevant proteins was investigated via Western blotting
on day 14 of osteogenesis. XAV-939 was used to further verify whether the Wnt/ 3-catenin
pathway is involved in ginsenoside Rec-induced osteogenic differentiation. According to
different groups, 50 uM ginsenoside Rc and/or 10 uM XAV-939 were added to the culture
medium. Increased expression of 3-catenin, p-GSK-33, COL-1, ALP, and RUNX-2, and
decreased expression of p-f3-catenin and GSK-33 were observed in the 50 uM ginsenoside
Rc-treated group (Figure 10A,B). However, the ginsenoside Rc-induced increase in the
expression of 3-catenin, p-GSK-3f3, COL-1, ALP, and RUNX-2 was significantly attenuated
upon treatment with 10 pM XAV-939, while the reduction of p-p-catenin and GSK-3f3
expression were significantly enhanced. The expression levels were normalized relative to
GAPDH. The results indicated that the Wnt/ 3-catenin signaling pathway may be involved
in the osteogenic differentiation of MC3T3-E1 cells promoted by ginsenoside Rc.
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Figure 9. Ginsenoside Rc at 50 uM promotes the expression of osteogenesis-related genes. (A) The
expression of Coll, Alp, Runx2, Bmp2, and Ocn mRNA after 14 days of osteogenic induction with
50 uM ginsenoside Rc compared to control groups. (B) The expression of COL-1, ALP, RUNX-2,
BMP-2, and OCN after 14 days of osteogenic induction with 50 uM ginsenoside Rc compared to the
control groups, and the quantification of protein expression. Data are presented as the mean + SD,
n = 3 specimens/group, *** p < 0.001.
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Figure 10. The expression of the Wnt/ 3-catenin pathway proteins in the cells after treatment with
ginsenoside Rc or XAV-939. (A) Protein expression after 14 days was assessed via Western blotting.
(B) Relative quantitative analysis of Western blotting results for -catenin, p-B-catenin, GSK-3,
p-GSK-3p3, COL-1, ALP, and RUNX2. Data are presented as the mean + SD, n = 3 specimens/group,
*p<0.05, *p<0.01,**p <0.001.
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3. Discussion

Recently, more attention has been given to natural medicinal plants, especially some
edible herbs and isolated active compounds, to treat osteoporosis, due to the nature of the
disease and side effects of current treatments [29-31].

Ginsenoside Rc is one of the active ingredients of many traditional Chinese medicines
and has a variety of pharmacological effects. In terms of anti-arthritis, ginsenoside Rc
(40 ng/mL and 60 pg/mL) exhibits significant activity, which can alleviate inflammation by
inhibiting the targeted binding kinase 1/interfering regulatory factor-3 and p38/activating
transcription factor-2 pathways [13]. Lee et al. [32] found that ginsenoside Rc had the poten-
tial to prevent the breakdown of cartilage collagen matrix and inhibit MMP-13 expression
in human chondrocytes treated with IL-1f3 at non-cytotoxic concentrations (1-50 umol/L).
Ginsenoside Rc has a significant anti-oxidative effect. Sirtuin 1 (SIRT1) belongs to the family
of NAD+-dependent histone deacetylases, and SIRT1 plays a key role in the oxidative stress
response. Wang et al. [33] found that ginsenoside Rc could enhance the acetylation activity
of SIRT1, thereby inhibiting the formation of intracellular ROS. ROS can increase bone
resorption by enhancing the development and activity of osteoclasts [34].

Lee et al. [35] used chromatography to verify that the main part of the ginseng water
extract included 1.19% Rb1, 0.12% Rb2, 0.57% Rg1, 0.07% Rc, 0.64% Re, and 0.04% Rf. It
was found that in OVX rats treated with ginseng water extract (100, 200, 300, or 500 mg/kg),
the sharp decrease in BMD and the deterioration of trabecular bone structures can be
significantly reduced. In the presence of ginseng water extract, other bone remodeling
markers such as Tb.N, Tb.T, and Tb.Sp were also significantly restored. They also exposed
RAW 264.7 cells to RANKL and M-CSF receptor activator for 5 days, and each group was
added with ginseng water extract (0.05, 0.1, 0.25, 0.5, or 1 ug/mL). It was found that Rb1,
Rgl, Re, Re, and Rf can inhibit osteoclast differentiation, TRAP activity, and staining.

Given that the detailed anti-osteoporosis activity of ginsenoside Rc is still unclear, the
present study was designed to systematically evaluate the therapeutic effect of ginsenoside
Rc as well as underlying molecular mechanisms.

In the in vivo experiment, the dose of Rcis 25 mg/kg or 50 mg/kg, the injection volume
is 0.4 mL, each mouse weighs about 20 g, and the concentrations are about 1.25 mg/mL
and 2.5 mg/mL, respectively. In the in vitro experiment part, the converted concentration is
about 0.054 mg/mL, calculated according to the Rc concentration of 50 uM. Although the Rc
concentrations in vivo are about 25-50 times higher than that in vitro, it needs to be taken
into account that these Rc concentrations might still be higher than those concentrations
detected in human and animal plasma. According to a former pharmacokinetic study [10],
the bioavailability of Rc is relatively low, which is only about 0.17%. Considering that the
concentration in plasma will decrease significantly after oral administration, the above-
mentioned concentrations were selected.

As expected, our research demonstrated that ginsenoside Rc could enhance bone
mineral density as well as improve the microarchitecture of bone trabecular, and prevent
bone loss in osteoporotic mice induced by ovariectomy. There is no doubt that estrogen
plays an important role in stimulating bone metabolism, and postmenopausal osteoporosis,
a sex-steroid deficiency state characterized by decreased bone mineral density and increased
risk of fracture, is believed to be mainly caused by estrogen deficiency [36]. Ovariectomy
could lead to the imbalance of bone turnover, causing higher bone resorption and lower
bone formation, and eventually inducing osteoporosis [37].

According to previous data from the literature, after OVX surgery and during post-
menopausal osteoporosis, the body weight is increased [38]. In the present study, treatment
with estradiol and ginsenoside Rc significantly reversed the body weight gain (Figure 2A).
This suggests that ginsenoside Rc may reverse weight gain due to estrogen deficiency
through phytoestrogens.

The micro-CT technology can give us both intuitive and quantitative data on the
microarchitecture of trabecular bone. The data obtained from the micro-CT is more mean-
ingful and comprehensive for the diagnosis of osteoporosis. In the present study, BMD,
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TV/BV, and Tb.N were significantly ameliorated by ginsenoside Rc, whereas the increase
in Tb.Sp was reversed (Figure 3A,B). Therefore, our data implied a promoting effect of
ginsenoside Rc on bone formation in OVX mice.

Histological staining demonstrated that the distal femur volume in the OVX group was
larger, and the metaphyseal trabecular arrangement was relatively disordered, as compared
with the sham group. The number of trabeculae in the ginsenoside Rc treatment group was
higher and the arrangement was more orderly, compared with the OVX group (Figure 4A,B).
This indicated that ginsenoside Rc could prevent bone loss and improve bone structure
in OVX mice. Immunohistochemical staining demonstrated that ALP, BMP-2, RUNX-2,
COL-1, and OCN in the OVX group were significantly attenuated compared with the sham
group. In addition, ALP, BMP-2, RUNX-2, COL-1, and OCN in the OVX+50 mg/kg Rc
group and the OVX+25 mg/kg Rc group were significantly higher than those in the OVX
group. QRT-PCR and Western blotting further verified the results of immunohistochemistry.
The expression levels of Col1, Alp, Runx2, Bmp2, and Ocn at both mRNA and protein levels
in the OVX+50 mg/kg Rc group were significantly higher than those in the OVX group,
and the efficacy was comparable to the OVX+E2 group (Figure 5A,B).

The expression of RUNX-2 indicates the onset of osteogenic differentiation, which
occurs at the earliest stage of bone formation [39]. ALP, as an essential enzyme, also appears
in the early stage of osteogenic differentiation [40]. OCN is a non-collagenous protein in
the bone matrix that is secreted by osteoblasts during mineral formation [41]. In addition,
OCN is closely related to hydroxyapatite in bone tissue and may be involved in regulating
calcium deposition. COL-1 is one of the extracellular matrix proteins secreted by osteoblasts,
which can serve as a structural framework for the maturation of the extracellular matrix and
the formation of calcified nodules [42—44]. BMP-2 belongs to the BMP family; in addition
to directly promoting bone formation, it can also induce the generation of ALP through
various pathways [45]. Genes encoding all five proteins were upregulated, indicating
that ginsenoside Rc played an important role in the early and late stages of osteoblast
differentiation. From the perspective of histology and molecular biology, we demonstrated
that ginsenoside Rc could promote the bone formation process in OVX mice by promoting
the expression of bone formation-related genes.

To our knowledge, this is the first study demonstrating that ginsenoside Rc promotes
the osteogenic differentiation of MC3T3-E1 cells by regulating the Wnt/ 3-catenin signaling
pathway. Based on the results of CCK-8, live-dead cell staining, ALP staining, and Alizarin
Red S staining, we believe that 50 pM ginsenoside Rc is an appropriate concentration to
promote osteogenic differentiation of MC3T3-E1 cells. Ginsenoside Rc at 50 uM promoted
the expression of osteogenesis-related genes, including Col1, Alp, Runx2, Bmp2, and Ocn
(Figure 9A-C).

Wnt proteins are members of a family of secreted molecules involved in promoting
osteoblast function [46,47]. As a basic signaling pathway in bone formation, the Wnt
signaling pathway includes two main pathways: The canonical Wnt pathway and the
non-canonical Wnt pathway. In the canonical Wnt pathway, when the Wnt signaling
pathway is inactive, 3-catenin is phosphorylated by Glycogen synthase kinase 33 (GSK-
3B), which in turn activates the ubiquitin system, leading to its degradation through the
proteasomal pathway [48-52]. As shown in Figure 11, when proteins, such as Wnt3a,
Wnt8, and Wnt10b, bind to the Frizzled (Fz) receptor, Dishevelled (DSH) will be generated,
and then the signal will be transmitted to GSK-3, Adenomatosis Polposis Colis (APC),
and Axin, so that their inhibitory effect on 3-catenin is weakened [53]. In the nucleus,
[-catenin binds to the intranuclear transcription factor, T-Cell factor /Lymphoid Enhance
Factor (TCF/LEF), and promotes the transcription of its target genes [54]. XAV-939 has been
widely used and shown to be an inhibitor of the Wnt signaling pathway [55]. Recent studies
have demonstrated that XAV-939 can inhibit osteogenesis by inhibiting the canonical Wnt
signaling pathway [56]. We explored the mechanism of how ginsenoside Rc promotes
the osteogenic differentiation of MC3T3-E1 cells. Compared with the ginsenoside Re(—)
XAV-939(—) group, the expression of 3-catenin, p-GSK-33, COL-1, ALP, and RUNX-2 was
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increased in the ginsenoside Rc (+) XAV-939(—) group; while the expression of p--catenin
and GSK-33 was decreased. As described above, Wnt signaling is activated by osteoblasts,
regulates the expression of bone marker-related genes, such as RUNX2 and ALP, and
promotes osteoblast viability and osteogenic activity. GSK-33 can degrade [3-catenin, so the
expression of GSK-33 shows the opposite trend to that of 3-catenin. Therefore, ginsenoside
Rc can effectively activate the Wnt signaling pathway at a concentration of 50 uM. In the
ginsenoside Rc (+) XAV-939 (+) group, the upregulation of 3-catenin, p-GSK-33, COL-1,
ALP, and RUNX-2 induced by ginsenoside Rc was significantly attenuated after treatment
with 10 uM XAV-939; while the downregulation of p-f3-catenin and GSK-3f3 expression
was significantly enhanced (Figure 10A,B). This indicates that XAV-939 can inhibit the Wnt
signaling pathway activated by ginsenoside Rc, as shown in Figure 11.

% | ‘;. Wnt

. IGinsenoside RcI e

m

Figure 11. Schematic illustration of the role of ginsenoside Rc in the Wnt signaling pathway (created
with BioRender.com). OVX: Ovariectomize; DSH: Dishevelled; APC: Adenomatosis Polposis Colis;
GSK-3f3: Glycogen synthase kinase 33; TCF/LEF: T-Cell factor /Lymphoid Enhance Factor; RUNX2:
Runt-related transcription factor 2; OCN:Osteocalcin; ALP: Alkaline phosphatase; COL1: Collagen I.

4. Materials and Methods
4.1. Ovariectomy-Induced Osteoporosis Mice Model

All mice-related experiments were carried out in the Laboratory Animal Center of Jilin
University. All experiments were reviewed and approved by the Institutional Animal Care
and Use Committee and complied with the requirements of Jilin University and the state
for the ethical welfare of experimental animals. The breeding conditions were controlled in
strict accordance with GB14925. The light time is 8:00-20:00, the temperature is maintained
at 23 £ 1 °C, and the humidity is controlled at 50-60%. The animals are guaranteed to have
sufficient food and drinking water and can eat freely. The feed is a maintenance feed for
rats and mice. The main ingredients include corn, soybean meal, fish meal, flour, bran, salt,
calcium chloride phosphate, stone powder, multivitamins, various trace elements, amino
acids, etc.



Int. J. Mol. Sci. 2022, 23, 6187

16 of 22

Sixty 6-8 weeks old C57Bl/6 female SPF mice were purchased from Liaoning Chang-
sheng Experimental Animal Co., Ltd., and each mouse weighed about 20 g. The con-
ditions were as follows: Light between 8:00-20:00, the temperature was maintained at
23 £ 1 °C, and humidity was regulated at 50-60%. The animals had sufficient food and
drinking water.

The mice were randomly divided into five groups as follows: Sham control group
(sham); OVX + NaCl (OVX); OVX + 25 mg/kg ginsenoside Rc (OVX + 25 mg/kg Rc);
OVX + 50 mg/kg ginsenoside Rc (OVX + 50 mg/kg Rc); OVX + 1 mg/kg 17 3-estradiol
(OVX + E2).

Mice in the OVX and OVX drug treatment groups were anesthetized with 1% sodium
pentobarbital at 50 mg/kg and then underwent ovariectomy. The surgical procedure is
shown in Figure 12. After incising the skin and muscle through back costal ridge incision
and separating the cellulite, the pink ovaries were visible. The ovaries were clamped
with hemostatic forceps, then the fallopian tubes (including fat) were ligated under the
ovaries, the ovaries were cut, and the skin and muscles were sutured in layers. In the
sham operation group, adipose tissue about the same mass as the ovary was removed near
the ovary.

Figure 12. The surgical procedure of ovary removal. (A) Pink ovary and adipose tissue are exposed.
(B) Ovaries are attached. (C) Ovaries are removed. (D) The skin and muscles are sutured in layers.

The animals in each group were given 25 mg/kg ginsenoside Rc, 50 mg/kg ginseno-
side Rc, 1 mg/kg 17 3-estradiol or NaCl via gavage 7 days after ovaries removal. The drug
was administered every day for 3 months. Bodyweight was measured every week. After
the last gavage, the animals were sacrificed by cervical dislocation. The femur, heart, liver,
spleen, lung, and kidney of each mouse were collected. After the experiment, the animal
carcasses were disposed of safely.

4.2. Cell Culture and Differentiation

The mouse osteoblastic cell line MC3T3-E1 was obtained from Zhongqgiaoxinzhou
(Shanghai, China). Cells were cultured in x-MEM (Gibco, Grand Island, NY, USA) with
10% fetal bovine serum (BI, Kibbutz Beit Haemek, Israel) and 1% penicillin-streptomycin
at 37 °C.

To induce differentiation, the cells were seeded in a six-well plate at 40,000 cells/well.
The next day, the original medium was discarded, and the culture medium was re-
placed with an osteogenic induction medium which included 50 mg/mL L-Ascorbic acid
(Sigma-Aldrich, St.Louis, MO, USA) and 1 M f3-glycerophosphate sodium (Solarbio, Bei-
jing, China), and the fetal bovine serum concentration was 5%. Ginsenoside Rc (Yuanye,
Shanghai, China) (0, 25, 50, 100, 200 uM) also needs to be added to the osteogenic induction
medium. The osteogenic induction medium was changed every 2-3 days. Ginsenoside Rc
was incubated with cells continuously for 14-21 days.
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4.3. Micro-CT

The microarchitecture of the 15 femoral trabecular bones was investigated using micro-
CT (SCANCOUCT; Skyscan1172), performed at a resolution of 20 um. Image reconstruction
was performed using the relevant measurement software with a protocol library. Recon-
structed cross-sections were reorientated, and the region of interest was further selected.
The volume of interest was 1-1.5 mm below the growth plate. The trabecular metric
parameters measured included trabecular BMD, BV /TV, Tb.Sp, and Tb.N.

4.4. Histological Analysis of OVX Mice

After micro-CT, the femur was decalcified with 15% EDTA for 3 months. After gradient
dehydration and paraffin embedding, the femur was cut into 4 mm sections for further
analysis, including HE staining, Masson staining, and immunohistochemistry.

For immunohistochemical staining, the paraffin sections were baked at 60 °C, then de-
waxed in xylene, then dehydrated with gradient ethanol, and retrieved at 37 °C for 30 min.
Endogenous peroxidase activity blocking and serum blocking was performed using an
immunohistochemical staining kit (MXB, Fuzhou, China). Primary antibodies against ALP
(Proteintech 13365-1-AP, 1:400, Wuhan, China), BMP-2(Affinity, AF5163, 1:300, Jiangsu,
China), RUNX-2 (Abways, CY5395, 1:800, Shanghai, China), OCN (Biorbyt, orb348959,
1:300, Cambs, UK), and COL-1(Proteintech, 66761-1-Ig, 1:4800, Wuhan, China) were di-
luted in proportion and added dropwise to the tissue, and incubated at 4 °C overnight.
The next day, after incubation with biotin-labeled secondary antibody and streptomyces
antibiotic-peroxidase solution, DAB (MXB, China) was used for color development, and
the positive expression was specific brownish-yellow. The sections were imaged under
a microscope (OLYMPUS, BX53F, Tokyo, Japan) and analyzed using OLYMPUS cellSens
Entry 2.2 software. In the expression analysis of immunohistochemically stained sections
of different groups, the same area and the same conditions were selected for gray density
analysis using Image ] software ( Image J 1.53c, Wayne Rasband, National Institutes of
Health, Bethesda, ML, USA).

4.5. gqRT-PCR

TRIeasy Total RNA Extraction reagent (Yeasen Biotech, Shanghai, China) was added
to the metaphysis of mouse femur and homogenized with a homogenizer (JXESTPRP-24,
Shanghai Jingxin Industrial Development Co., Ltd., Shanghai, China) using the following
parameters: three grinding times, a frequency of 73 Hz, an interruption time of 3 s, and
a running time of 60 s. The cDNA was synthesized using the Hifair III 1st strand cDNA
Synthesis SuperMix for qPCR (Yeasen Biotech, Shanghai, China). Target genes were
amplified using CFX Connect Real-Time PCR Detection System (Bio-Rad, Singapore) with
Hifair qPCR SYBR Green Master Mix (Yeasen Biotech, Shanghai, China). The primer
sequences used are shown in Table 1.

Table 1. Mouse primer sets used for qPCR

Genes

Primer Sequence, 5'-3'

Forward Reverse
Runx?2 GATGATGACACTGCCACCTCTGAC TGAGGGATGAAATGCTTGGGAACTG
Alp CGGCGTCCATGAGCAGAACTAC CAGGCACAGTGGTCAAGGTTGG
Bmp?2 AAGCGTCAAGCCAAACACAAACAG GAGGTGCCACGATCCAGTCATTC
Ocn CAGAGGAACTGGTTAGCAGGCAAC ACGCAGGTTCTCAATGGCACAC
Coll AGGGTCCCGCTGGTCAAGATG ATGCCTGTTGCTGGTTCTGTAGTG

qRT-PCR of the mouse osteoblastic cell line MC3T3-E1 was also performed as described
above using the same reagents.
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4.6. Western Blotting

RIPA buffer (Beyotime, Shanghai, China) containing 1% PMSF (Beyotime, Shanghai,
China) was added to the metaphysis of mouse femur and homogenized with a homoge-
nizer. After centrifugation at 12,000 rpm, the supernatant was collected and the protein
concentration was measured using the BCA assay kit (Beyotime, Shanghai, China). The
protein sample was boiled at 100 °C for 5 min. Exactly 10 ug of protein was separated via
10% SDS-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluo-
ride (PVDF) membranes. Then, the membranes were blocked with BSA (Solarbio, Beijing,
China) for 1 h and incubated with the primary antibodies against ALP (Proteintech 13365-
1-AP, 1:1000, Wuhan, China), RUNX2 (Abways, CY5395, 1:500, Shanghai, China), COLI
(Proteintech, 66761-1-Ig, 1:2000, Wuhan, China), Beta-Catenin (Proteintech, 51067-2-AP,
1:5000, Wuhan, China), Phospho-Beta-Catenin (Proteintech, 80084-1-RR, 1:5000, Wuhan,
China), GSK-3a/ (CST, 5676, 1:1000, Danvers, MA, USA), Phospho-GSK-3«/ 3 (CST, 8566,
1:1000, Danvers, MA, USA), BMP-2 (Affinity, AF5163, 1:500, Jiangsu, China), OCN (Biorbyt,
orb348959, 1:500, Cambs, UK) and GAPDH (Abways, ab0037, 1:4000, Shanghai, China)
overnight. The membranes were washed the membrane with TBST and then incubated
with the secondary antibody (Proteintech SA00001-1, SA00001-2, 1:2000, Wuhan, China).
Finally, the protein bands were visualized via enhanced chemiluminescence under a fully
automatic chemiluminescence imager (Jun Yi Dong Fang, JY-MINI610, Beijing, China) and
the gray values were analyzed using Image ] software.

MC3T3-E1 cells were seeded onto a six-well plate at 40,000 cells/well. The next day,
the culture medium was replaced with an osteogenic induction medium. When exploring
whether ginsenoside Rc regulates the osteogenic differentiation of MC3T3-E1 cells through
the Wnt/3-catenin signaling pathway, we used the following groups: An ordinary os-
teogenic induction medium [ginsenoside Re(—) XAV-939(—)]; 50 uM ginsenoside Rc added
to the osteogenic induction medium [ginsenoside Re(+) XAV-939(—)]; 50 pM ginsenoside
Rc and 10 uM XAV-939 added to the osteogenic induction medium [ginsenoside Rc (+)
XAV-939 (+)]; 10 uM XAV-939 added to the osteogenic induction medium [ginsenoside Rc
(—) XAV-939 (+)]. Proteins were extracted from cells after 14 days of incubation with RIPA
buffer containing 1% PMSF and 1% phosphatase inhibitor (MCE, Shanghai, China) using a
cell scraper. Western blotting was performed as described above.

4.7. Cell Viability Assay

To examine the effect of ginsenoside Rc on cell viability, MC3T3-E1 cells (1000 cells/well)
were seeded onto a 96-well plate. On the second day, the medium was replaced with a
medium containing different concentrations of ginsenoside Rc (0, 25, 50, 100, 200, 400,
and 800 uM). After adding CCK-8 solution to each well on days 1, 3, and 5, the cells were
incubated for 1 h at 37 °C, and then, the absorbance was measured at 450 nm using a
microplate reader (SynergyHT, Bio Tek, Vermont, USA).

4.8. Live-Dead Cell Staining

MC3T3-E1 cells were cultured in six-well plates at a density of 40,000 cells/well.
The next day, the original medium was discarded, and the medium containing different
concentrations of ginsenoside Rc (0, 25, 50, 100, 200uM) was added for cell culture. Five
days later, a Live-Dead Cell Staining Kit (calcein AM/PI double staining kit, Beyotime,
Shanghai, China) was used for detecting the dead cells. Cells were washed with PBS and
stained with calcein AM and PI. After incubation for 15 min at 37 °C, live and dead cells
were visualized via fluorescence microscopy. Image J software was used to count live and
dead cells separately, and then calculate the percentage of dead cells to total cells.

4.9. ALP Staining and Activity

The cells were seeded onto a six-well plate at 40,000/well. The next day, the cul-
ture medium was replaced with an osteogenic induction medium containing ginsenoside
Re (0, 25, 50, 100, 200 uM). The osteogenic induction medium also included 50 mg/mL
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L-Ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA) and 1M (3-glycerophosphate sodium
(Solarbio, Beijing, China), and the fetal bovine serum (BI, Kibbutz Beit Haemek, Israel) con-
centration was 5%. After 14 days, the cells were fixed in 4% paraformaldehyde for 30 min
and then washed thrice with ddH,O. Next, the cells were stained with the BCIP/NBT
alkaline phosphatase color development kit (Beyotime, Shanghai, China). We prepared
the lysate of RIPA and PMSF according to 100:1, collected the samples with a cell scraper,
centrifuged them at 12,000 rpm, and collected the supernatant. The ALP assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) combined with the Enhanced BCA
Protein Assay Kit (Beyotime, Shanghai, China) was used to determine the ALP activity of
each group of cells.

4.10. Alizarin Red S Staining

The cell seeding and osteoinduction were performed as described above. After 21 days,
the cells were fixed, and Alizarin Red S solution (1%, pH 4.2, Solarbio, Beijing, China) was
added. The staining was terminated after 30 min of incubation at 37 °C, and observed under
the light microscope. Exactly 1 mL of 10% hexadecylpyridinium chloride monohydrate
was added to each well. After incubating for 1 h at room temperature, the absorbance was
measured at 562 nm using a microplate reader.

4.11. Statistical Analysis

Data were expressed as the mean + standard deviation (SD) using GraphPad Prism
8.0.1. All experiments were performed independently at least three times. The normal distri-
bution of the data was assessed using the Shapiro-Wilk test. For data normally distributed,
a t-test was used for comparison between two groups, and one-way ANOVA was used to an-
alyze significant differences among groups via SPSS software (SPSS 22.0.0.0, IBM, Armonk,
NY, USA). The LSD post hoc test was then used for data with homogeneity of variance and
Dunnett’s T3 test for the data with unequal variance. Nonparametric tests were used for
not normally distributed data. When p < 0.05, the results were significantly different.

5. Conclusions

In conclusion, this study sought to identify the effects of ginsenoside Rc in the treat-
ment of osteoporosis in cell and mouse models of osteoporosis. In vivo and in vitro data
confirmed the beneficial roles of ginsenoside Rc against osteoporosis. In this study, an
animal model of osteoporosis was established. From the perspectives of imaging, histology,
and molecular biology, we confirmed that ginsenoside Rc can enhance the microstructure
of trabecular bone, and promote the expression of bone formation-related genes. Ginseno-
side Rc promotes osteoblast differentiation and matrix mineralization by activating the
canonical Wnt pathway involving 3-catenin and Runx2. Ginsenoside Rc increases bone
formation by upregulating the expression of bone markers. Ginsenoside Rc is expected to
be a natural substitute for the prevention and treatment of postmenopausal osteoporosis.

There is still room for further research in the future. This paper only reports the
osteogenic effect of ginsenoside Rc, but osteoporosis is a joint effect of bone formation and
bone resorption. The effect of ginsenoside Rc on bone resorption is worthy of further study.
According to the role of ginsenoside Rc in promoting osteogenesis in this study, ginsenoside
Rc can be loaded into bone scaffold materials in the future to provide potential cytokines
for tissue-engineered bone and provide new ideas for the reconstruction of bone defects.

Author Contributions: Experimentation, N.Y. and X.Z.; methodology, L.L. and T.X.; writing—
original draft preparation, N.Y.; writing—review and editing, M.L. and J.W.; visualization, Q.Z.
and J.Y.; project administration, Z.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Jilin University 2020 Doctoral Interdisciplinary Research
Funding Program, grant number 101832020DJX087; 2021 Science and Technology Research Project of
Jilin Provincial Department of Education, grant number JJKH20211212KJ; Jilin Provincial Department



Int. J. Mol. Sci. 2022, 23, 6187 20 of 22

of Finance Science and Technology Project jcsz grant number 2021893-9; Jilin Provincial Development
and Reform Commission 2021 Industrial Technology Research and Development Project grant number
2021C043-2.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of Jilin University, IACUC (protocol code 5Y202104016 and date of
approval on 10 August 2021).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The sponsors had no role in the design, execution, interpretation, or writing of

the study.

References

1.  Khosla, S.; Hofbauer, L.C. Osteoporosis treatment: Recent developments and ongoing challenges. Lancet Diabetes Endocrinol. 2017,
5,898-907. [CrossRef]

2. Teitelbaum, S.L. Bone resorption by osteoclasts. Science 2000, 289, 1504-1508. [CrossRef] [PubMed]

3.  Tomkinson, A.; Reeve, J.; Shaw, R.W.; Noble, B.S. The death of osteocytes via apoptosis accompanies estrogen withdrawal in
human bone. J. Clin. Endocrinol. Metab. 1997, 82, 3128-3135. [PubMed]

4.  Lorraine, A.F. Estrogen therapy for postmenopausal osteoporosis. Arq. Bras. Endocrinol. Metab. 2006, 50, 705-719.

5. Papapoulos, S.; Makras, P. Selection of antiresorptive or anabolic treatments for postmenopausal osteoporosis. Nat. Clin. Pr.
Endocrinol. Metab. 2008, 4, 514-523. [CrossRef]

6.  Ettinger, B.; Quesenberry, C.; Schroeder, D.A.; Friedman, G. Long-term postmenopausal estrogen therapy may be associated with
increased risk of breast cancer: A cohort study. Menopause 2018, 25, 1191-1194. [CrossRef]

7. Shin, B.K,; Kwon, S.W.; Park, ].H. Chemical diversity of ginseng saponins from Panax ginseng,. J. Ginseng Res. 2015, 39, 287-298.
[CrossRef]

8. Wan, Y,; Wang, ].; Xu, ].E; Tang, E; Chen, L.; Tan, Y.-Z.; Rao, C.; Ao, H.; Peng, C. Panax ginseng and its ginsenosides: Potential
candidates for the prevention and treatment of chemotherapy-induced side effects. J. Ginseng Res. 2021, 45, 617-630. [CrossRef]

9. Fu, B.; Wang, N.; Tan, H.Y,; Li, S.; Cheung, E,; Feng, Y. Multi-Component Herbal Products in the Prevention and Treatment of
Chemotherapy-Associated Toxicity and Side Effects: A Review on Experimental and Clinical Evidences. Front. Pharm. 2018,
9, 1394. [CrossRef]

10. Chu, Y,; Zhang, H.C; Li, S.M.; Wang, ] M.; Wang, X.Y; Li, W.; Zhang, L.L.; Ma, X.H.; Zhou, S.P; Zhu, Y.H.; et al. Determination of
ginsenoside Rc in rat plasma by LC-MS/MS and its application to a pharmacokinetic study. ]. Chromatogr. B Anal. Technol. Biomed.
Life Sci. 2013, 919-920, 75-78. [CrossRef]

11. Lee, M.S.; Hwang, ].T.; Kim, S.H.; Yoon, S.; Kim, M.S.; Yang, H.J.; Kwon, D.Y. Ginsenoside Rc, an active component of Panax
ginseng, stimulates glucose uptake in C2C12 myotubes through an AMPK-dependent mechanism. J. Ethnopharmacol. 2010, 127,
771-776. [CrossRef] [PubMed]

12. Yu, T.; Rhee, M.H,; Lee, J.; Kim, S.H.; Yang, Y.; Kim, H.G.; Kim, Y,; Kim, C.; Kwak, Y.S.; Kim, ].H.; et al. Ginsenoside Rc from
Korean Red Ginseng (Panax ginseng C.A. Meyer) Attenuates Inflammatory Symptoms of Gastritis, Hepatitis and Arthritis. Am. J.
Chin. Med. 2016, 44, 595-615. [CrossRef] [PubMed]

13.  Yu, T; Yang, Y.; Kwak, Y.S.; Song, G.G.; Kim, M.Y.; Rhee, M.H.; Cho, ].Y. Ginsenoside Rc from Panax ginseng exerts anti-
inflammatory activity by targeting TANK-binding kinase 1/interferon regulatory factor-3 and p38/ ATF-2. |. Ginseng Res. 2017,
41,127-133. [CrossRef]

14. Oh, Y; Lim, HW,; Park, KH.; Huang, Y.H.; Yoon, J.Y,; Kim, K.; Lim, C.J. Ginsenoside Rc protects against UVB-induced
photooxidative damage inepidermal keratinocytes. Mol. Med. Rep. 2017, 16, 2907-2914. [CrossRef] [PubMed]

15. Luo, ZJ.; Li, HM.; Wang, H.G.; Liu, D.L.; Nan, H. Ginsenoside Rb1 afects the proliferation and osteogenic diferentiation of
human adipose-derived stem cells in vitro. Chin. |. Tissue Eng. Res. 2013, 17, 5799-5805.

16. Huang, Q.; Gao, B.; Jie, Q.; Wei, B.Y,; Fan, J.; Zhang, H.Y,; Zhang, ] K; Li, X.J.; Shi, ].; Luo, Z.].; et al. Ginsenoside-Rb2 displays
anti-osteoporosis effects through reducing oxidative damage and bone-resorbing cytokines during osteogenesis. Bone 2014, 66,
306-314. [CrossRef]

17.  Kim, D.Y,; Park, Y.G; Quan, H.Y,; Kim, S.J.; Jung, M.S.; Chung, S.H. Ginsenoside Rd stimulates the diferentiation and mineraliza-
tion ofosteoblastic MC3T3-E1 cells by activating AMP-activated protein kinase via the BMP-2 signalling pathway. Fitoterapia 2012,
83, 215-222. [CrossRef]

18. Kim, D.Y,; Jung, M.S,; Park, Y.G.; Yuan, H.D.; Quan, H.Y.; Chung, S.H. Ginsenoside Rh2(S) induces the diferentiation and
mineralization of osteoblastic MC3T3-E1 cells through activation of PKD and p38 MAPK pathways. BMB Rep. 2011, 44, 659-664.
[CrossRef]

19. Kim, D.Y,; Park, K.H.; Jung, M.S.; Huang, B.; Yuan, H.D.; Quan, H.Y.; Chung, S.H. Ginsenoside Rh2(S) induces diferentiation and

mineralization of MC3T3-E1 cells through activation of the KD/AMPK signalling pathways. Int. . Mol. Med. 2011, 28, 753-759.


http://doi.org/10.1016/S2213-8587(17)30188-2
http://doi.org/10.1126/science.289.5484.1504
http://www.ncbi.nlm.nih.gov/pubmed/10968780
http://www.ncbi.nlm.nih.gov/pubmed/9284757
http://doi.org/10.1038/ncpendmet0941
http://doi.org/10.1097/GME.0000000000001216
http://doi.org/10.1016/j.jgr.2014.12.005
http://doi.org/10.1016/j.jgr.2021.03.001
http://doi.org/10.3389/fphar.2018.01394
http://doi.org/10.1016/j.jchromb.2012.12.022
http://doi.org/10.1016/j.jep.2009.11.022
http://www.ncbi.nlm.nih.gov/pubmed/19961916
http://doi.org/10.1142/S0192415X16500336
http://www.ncbi.nlm.nih.gov/pubmed/27109153
http://doi.org/10.1016/j.jgr.2016.02.001
http://doi.org/10.3892/mmr.2017.6943
http://www.ncbi.nlm.nih.gov/pubmed/28713942
http://doi.org/10.1016/j.bone.2014.06.010
http://doi.org/10.1016/j.fitote.2011.10.017
http://doi.org/10.5483/BMBRep.2011.44.10.659

Int. J. Mol. Sci. 2022, 23, 6187 21 of 22

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.
30.
31.
32.
33.
34.

35.

36.

37.
38.

39.

40.

41.

42.

43.
44.

45.

46.

Zhou, W.; Huang, H.; Zhu, H.; Zhou, P; Shi, X. New metabolites from the biotransformation of ginsenoside Rb1 by Paecilomyces
bainier sp.229 and activities in inducing osteogenic differentiation by Wnt/ 3-catenin signalling activation. J. Ginseng Res. 2018,
42,199-207. [CrossRef]

Krishnan, V.; Bryant, H.U.; Macdougald, O.A. Regulation of bone mass by Wnt signaling. J. Clin. Investig. 2006, 116, 1202-1209.
[CrossRef] [PubMed]

Lerner, U.H.; Ohlsson, C. The WNT system: Background and its role in bone. J. Intern. Med. 2015, 277, 630-649. [CrossRef]
[PubMed]

Maeda, K.; Takahashi, N.; Kobayashi, Y. Roles of Wnt signals in bone resorption during physiological and pathological states.
J. Mol. Med. 2013, 91, 15-23. [CrossRef] [PubMed]

Wagner, E.R.; Zhu, G.; Zhang, B.Q.; Luo, Q.; Shi, Q.; Huang, E.; Gao, Y.; Gao, J.-L.; Kim, S.H.; Rastegar, F; et al. The therapeutic
potential of the Wnt signaling pathway in bone disorders. Curr. Mol. Pharm. 2011, 4, 14-25. [CrossRef]

Thompson, D.D.; Simmons, H.A.; Pirie, C.M.; Ke, H.Z. FDA guidelines and animal models forosteoporosis. Bone 1995, 17,
125s-133s. [CrossRef]

Kodama, H.; Amagai, Y.; Sudo, H.; Kasai, S.; Yamamoto, S. Establishment of a clonal osteogenic cell line from newborn mouse
calvaria. Jpn. J. Oral Biol. 1981, 23, 899-901. [CrossRef]

Hiura, K.; Sumitani, K.; Kawata, T.; Higashino, K.; Okawa, M.; Sato, T.; Hakeda, Y.; Kumegawa, M. Mouse osteoblastic cells
(MC3T3-E1) at different stages of differentiation have opposite effects on osteoclastic cell formation. Endocrinology 1991, 128,
1630-1637. [CrossRef]

Zhou, H.Y,; Takita, H.; Fujisawa, R.; Mizuno, M.; Kuboki, Y. Stimulation by bone sialoprotein of calcification in osteoblast-like
MC3T3-E1 cells. Calcif. Tissue Int. 1995, 56, 403—407. [CrossRef]

Compston, J.E.; McClung, M.R.; Leslie, W.D. Osteoporosis. Lancet 2019, 393, 364-376. [CrossRef]

Edwards, M.H.; Cooper, C. Bone: The growing cost of fractures in Ireland. Nat. Rev. Endocrinol. 2012, 8, 512-513. [CrossRef]
Banu, J.; Varela, E.; Fernandes, G. Alternative therapies for the prevention and treatment of osteoporosis. Nutr. Rev. 2012, 1, 22—40.
[CrossRef] [PubMed]

Lee, J.H.; Lim, H.; Shehzad, O.; Kim, Y.S.; Kim, H.P. Ginsenosides from Korean red ginseng inhibit matrix metalloproteinase-13
expression in articular chondrocytes and prevent cartilage degradation. Eur. ]. Pharm. 2014, 5, 145-151. [CrossRef] [PubMed]
Wang, Y.; Liang, X.; Chen, Y.; Zhao, X. Screening SIRT1 activators from medicinal plants as bioactive compounds against oxidative
damage in mitochondrial function. Oxid. Med. Cell. Longev. 2016, 2016, 4206392. [CrossRef] [PubMed]

Lee, N.K,; Choi, Y.G; Baik, ].Y.; Han, S.Y; Jeong, D.-W.; Bae, Y.S.; Kim, N.; Lee, S.Y. A crucial role for reactive oxygen species in
RANKUL-induced osteoclast differentiation. Blood 2005, 106, 852—-859. [CrossRef]

Lee, H.Y,; Park, S.H.; Chae, S.W.; Soung, N.K.; Oh, M.].; Kim, ].S.; Kim, Y.O.; Chae, H.]. Aqueous ginseng extract has a preventive
role in RANKL-induced osteoclast diferentiation and estrogen defciency-induced osteoporosis. J. Funct. Food 2015, 13, 192-203.
[CrossRef]

Schilling, T.; Ebert, R.; Raaijmakers, N.; Schiitze, N.; Jakob, F. Effects of phytoestrogens and other plant-derived compounds on
mesenchymal stem cells, bone maintenance and regeneration. J. Steroid Biochem. Mol. Biol. 2014, 139, 252-261. [CrossRef]
Preventing Osteoporosis. J. Midwifery Womens Health 2016, 61, 289-290. [CrossRef]

Hwang, YH.; Kim, K.J.; Kim, S.J.; Mun, S.K.; Hong, S.G.; Son, Y.J.; Yee, S.T. Suppression Effect of Astaxanthin on Osteoclast
Formation In Vitro and Bone Loss In Vivo. Int. ]. Mol. Sci. 2018, 19, 912. [CrossRef]

Zhao, Z.; Zhao, M.; Xiao, G.; Franceschi, R.T. Gene transfer of the Runx2 transcription factor enhances osteogenic activity of bone
marrow stromal cells in vitro and in vivo. Mol. Ther. 2005, 12, 247-253. [CrossRef]

Serigano, K.; Sakai, D.; Hiyama, A.; Tamura, F.; Tanaka, M.; Mochida, J. Effect of cell number on mesenchymal stem cell
transplantation in a canine disc degeneration model. J. Orthop. Res. 2010, 28, 1267-1275. [CrossRef]

Cosman, E; Shen, V.; Morgan, D.; Gordon, S.; Parisien, M.; Nieves, J.; Lindsay, R. Biochemical responses of bone metabolism to
1,25-dihydroxyvitamin D administration in black and white women. Osteoporos. Int. 2000, 11, 271-277. [CrossRef] [PubMed]
Pochampally, R.R.; Horwitz, E.M.; DiGirolamo, C.M.; Stokes, D.S.; Prockop, D.]. Correction of a mineralization defect by
overexpression of a wild-type cDNA for COL1A1 in marrow stromal cells (MSCs) from a patient with osteogenesis imperfecta:
A strategy for rescuing mutations that produce dominant-negative protein defects. Gene Ther. 2005, 12, 1119-1125. [CrossRef]
[PubMed]

Rauch, F; Glorieux, EH. Osteogenesis imperfecta. Lancet 2004, 363, 1377-1385. [CrossRef]

Sakkers, R.; Kok, D.; Engelbert, R.; van Dongen, A.; Jansen, M.; Pruijs, H.; Verbout, A.; Schweitzer, D.; Uiterwaal, C. Skeletal efects
and functional outcome with olpadronate in children with osteogenesis imperfecta: A 2-year randomised placebo-controlled
study. Lancet 2004, 363, 1427-1431. [CrossRef]

Guicheux, J.; Lemonnier, J.; Ghayor, C.; Suzuki, A.; Palmer, G.; Caverzasio, ]. Activation of p38 mitogen-activated protein kinase
and c-Jun-NH2-terminal kinase by BMP-2 and their implication in the stimulation of osteoblastic cell diferentiation. J. Bone Min.
Res. 2003, 18, 2060-2068. [CrossRef] [PubMed]

Kato, M.; Patel, M.S.; Levasseur, R.; Lobov, I.; Chang, B.H.; Glass, D.A.; Hartmann, C.; Li, L.; Hwang, T.H.; Brayton, C.F,; et al.
Cbfal-independent decrease in osteoblast proliferation, osteopenia, and persistent embryonic eye vascularization in mice defcient
in Lrp5, a Wnt coreceptor. J. Cell Biol. 2002, 157, 303-314. [CrossRef]


http://doi.org/10.1016/j.jgr.2017.03.004
http://doi.org/10.1172/JCI28551
http://www.ncbi.nlm.nih.gov/pubmed/16670761
http://doi.org/10.1111/joim.12368
http://www.ncbi.nlm.nih.gov/pubmed/25845559
http://doi.org/10.1007/s00109-012-0974-0
http://www.ncbi.nlm.nih.gov/pubmed/23111637
http://doi.org/10.2174/1874467211104010014
http://doi.org/10.1016/8756-3282(95)00285-L
http://doi.org/10.2330/joralbiosci1965.23.899
http://doi.org/10.1210/endo-128-3-1630
http://doi.org/10.1007/BF00301610
http://doi.org/10.1016/S0140-6736(18)32112-3
http://doi.org/10.1038/nrendo.2012.131
http://doi.org/10.1111/j.1753-4887.2011.00451.x
http://www.ncbi.nlm.nih.gov/pubmed/22221214
http://doi.org/10.1016/j.ejphar.2013.12.035
http://www.ncbi.nlm.nih.gov/pubmed/24384406
http://doi.org/10.1155/2016/4206392
http://www.ncbi.nlm.nih.gov/pubmed/26981165
http://doi.org/10.1182/blood-2004-09-3662
http://doi.org/10.1016/j.jff.2014.12.039
http://doi.org/10.1016/j.jsbmb.2012.12.006
http://doi.org/10.1111/jmwh.12460
http://doi.org/10.3390/ijms19030912
http://doi.org/10.1016/j.ymthe.2005.03.009
http://doi.org/10.1002/jor.21147
http://doi.org/10.1007/s001980050292
http://www.ncbi.nlm.nih.gov/pubmed/10824245
http://doi.org/10.1038/sj.gt.3302514
http://www.ncbi.nlm.nih.gov/pubmed/15815702
http://doi.org/10.1016/S0140-6736(04)16051-0
http://doi.org/10.1016/S0140-6736(04)16101-1
http://doi.org/10.1359/jbmr.2003.18.11.2060
http://www.ncbi.nlm.nih.gov/pubmed/14606520
http://doi.org/10.1083/jcb.200201089

Int. J. Mol. Sci. 2022, 23, 6187 22 of 22

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Gregory, C.A.; Gunn, W.G,; Reyes, E.; Smolarz, A.J.; Munoz, J.; Spees, J.L.; Prockop, D.J. How Wnt signalling afects bone repair by
mesenchymal stem cells from the bone marrow. Ann. N. Y. Acad. Sci. 2005, 1049, 97-106. [CrossRef]

Kestler, H.A ; Kiihl, M. From individual Wnt pathways towards a Wnt signaling network. Philos. Trans. R Soc. Lond B Biol. Sci.
2008, 363, 1333-1347. [CrossRef]

Kieslinger, M.; Folberth, S.; Dobreva, G.; Dorn, T.; Croci, L.; Erben, R.; Consalez, G.G.; Grosschedl, R. EBF2 regulates osteoblast-
dependent differentiation of osteoclasts. Dev. Cell 2005, 9, 757-767. [CrossRef]

Shi, Y.C.; Worton, L.; Estehen, L.; Baldock, P.; Fong, C.; Eisman, J.A.; Gardiner, E.M. Effects of continuous activation of vitamin D
and Wnt response pathways on osteoblastic proliferation and differen-tiation. Bone 2007, 41, 87-96. [CrossRef]

Price, M.A. CKI, there’s more than one: Casein kinase I family members in Wnt and Hedgehog signaling. Genes Dev. 2006, 20,
399-410. [CrossRef] [PubMed]

Taurin, S.; Sandbo, N.; Qin, Y.; Browning, D.; Dulin, N.O. Phosphorylation of beta-catenin by cyclic AMP-dependent protein
kinase. J. Biol. Chem. 2006, 281, 9971-9976. [CrossRef] [PubMed]

Hua, Y,; Yang, Y.; Li, Q.; He, X.; Zhu, W.; Wang, ]J.; Gan, X. Oligomerization of frizzled and LRP5/6 protein initiates intracellular
signaling for the canonical WNT/3-catenin pathway. J. Biol. Chem. 2018, 293, 19710-19724. [CrossRef] [PubMed]

Gordon, M.D.; Nusse, R. Wnt signaling: Multiple pathways, multiple receptors, and multiple transcription factors. J. Biol. Chem.
2006, 281, 22429-22433. [CrossRef] [PubMed]

Lu, Y;; Zhao, X,; Liu, Q.; Li, C.; Graves-Deal, R.; Cao, Z.; Singh, B.; Franklin, J.L.; Wang, J.; Hu, H.; et al. IncRNA MIR100HG-
derived miR-100 and miR-125b mediate cetuximab resistance via Wnt/-catenin signaling. Nat. Med. 2017, 23, 1331-1341.
[CrossRef]

Yu, E; Wy, E; Li, F; Liao, X.; Wang, Y.; Li, X.; Wang, C.; Shi, Y.; Ye, L. Wnt7b-induced Sox11 functions enhance self-renewal and
osteogenic commitment of bone marrow mesenchymal stem cells. Sterm. Cells 2020, 38, 1020-1033. [CrossRef]


http://doi.org/10.1196/annals.1334.010
http://doi.org/10.1098/rstb.2007.2251
http://doi.org/10.1016/j.devcel.2005.10.009
http://doi.org/10.1016/j.bone.2007.04.174
http://doi.org/10.1101/gad.1394306
http://www.ncbi.nlm.nih.gov/pubmed/16481469
http://doi.org/10.1074/jbc.M508778200
http://www.ncbi.nlm.nih.gov/pubmed/16476742
http://doi.org/10.1074/jbc.RA118.004434
http://www.ncbi.nlm.nih.gov/pubmed/30361437
http://doi.org/10.1074/jbc.R600015200
http://www.ncbi.nlm.nih.gov/pubmed/16793760
http://doi.org/10.1038/nm.4424
http://doi.org/10.1002/stem.3192

	Introduction 
	Results 
	Ginsenoside Rc Promotes Bone Formation in Ovariectomy-Induced Osteoporosis In Vivo 
	Ovariectomized Mice Have Increased Weight 
	Ginsenoside Rc Can Increase BMD in OVX Mice 
	Effects of Ginsenoside Rc on Trabecular Bone Tissue of Distal Femur in Mice 
	Ginsenoside Rc Prevents OVX-Induced Bone Loss by Promoting the Expression of Bone Formation-Related Genes 

	Ginsenoside Rc Promotes Osteogenic Differentiation In Vitro 
	Low Concentrations of Ginsenoside Rc Promote the Viability of MC3T3-E1 Cells 
	Ginsenoside Rc Dose-Dependently Promotes the Osteogenic Differentiation of MC3T3-E1 Cells 
	Ginsenoside Rc Promotes Expression of Osteogenesis-Related Genes 
	Ginsenoside Rc Promotes Osteogenic Differentiation of MC3T3-E1 Cells via the Wnt/-Catenin Signaling Pathway 


	Discussion 
	Materials and Methods 
	Ovariectomy-Induced Osteoporosis Mice Model 
	Cell Culture and Differentiation 
	Micro-CT 
	Histological Analysis of OVX Mice 
	qRT-PCR 
	Western Blotting 
	Cell Viability Assay 
	Live-Dead Cell Staining 
	ALP Staining and Activity 
	Alizarin Red S Staining 
	Statistical Analysis 

	Conclusions 
	References

