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1. Introduction 
Osteoporosis is a prevalent chronic disease that results 

in an elevated risk of bone fractures in postmenopausal 
women [1]. Osteoporosis has features of decreased bone 
mass, injured bone structure and calcium malabsorption 
[2, 3]. The risk factors for osteoporosis include malnutri-
tion, hormone fluctuation, inflammation, and mechanical 
stress [4]. Currently, most therapeutic agents for osteopo-
rosis are based on inhibition of bone resorption [5, 6].

A previous study has revealed that the coupled dyna-
mic balance between bone formation and bone resorption 
belongs to the basis for keeping the stability of bone mor-
phology [5]. Type I collagen is composed of 2 α1 chains 
as well as 1 α2 chain, accounting for approximately 80-
90% of the bone organic matter, which promotes bone 
homeostasis [7]. In addition, type I collagen belongs to 
the central part of bone extracellular matrix [8]. Increasing 
studies have revealed that the decreased synthesis of type 
I collagen along with the change in its morphology and 
stability will aggravate osteoporosis [9, 10].

Recently, the vital functions of Chinese herbs in osteo-
porosis treatment have been revealed. Guilu erxian glue 
comprises Testudinis Plastrum, Ginseng root, Cornu 
Cervi and Lycii Fructus, and has been indicated to exert 
favorable effects on degenerative joint diseases and peri-
menopausal syndrome [11]. Ginseng is one of the most 

valuable medicinal herbs. The primary active compo-
nents in ginseng are ginsenosides containing two parts: 
the scaffold (sapogenin) and the sugar side chain(s). More 
than 600 ginsenosides have been identified, and the most 
common sapogenins are protopanaxadiols as well as pro-
topanaxatriols [12]. Many variants of ginsenosides have 
been identified to exert protective roles in osteoporosis, 
for example, ginsenoside Rb2 reduces oxidative damage 
as well as bone-resorbing cytokines during osteogenesis to 
exert anti-osteoporotic effects [13]. Ginsenoside Rg3 pro-
motes osteogenic differentiation by facilitating autophagy 
to attenuate ovariectomy-induced osteoporosis [14]. Gin-
senoside Rh2 suppresses osteogenic differentiation from 
bone marrow macrophages by downregulation of NF-κB 
[15].

Ginsenoside Rc (molecular formula: C53H90O22; CAS: 
11021-14-0) exerts an anti-inflammatory effect on syno-
vial cells in rheumatoid arthritis patients [16], a systemic 
autoimmune disease that can lead to cartilage destruction 
and systemic osteoporosis, which indicates the putative 
association of ginsenoside Rc with osteoporosis. We hy-
pothesized that ginsenoside Rc can alleviate osteoporosis 
and investigated the impacts of ginsenoside Rc on bone 
microstructure as well as serum bone turnover markers of 
ovariectomized (OVX) rats. Moreover, influence of ginse-
noside Rc on expression of osteoblast markers in primary 
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human osteoblasts as well as the downstream pathway of 
ginsenoside Rc were investigated.

2. Materials and methods
2.1. OVX rat model

Fifty Sprague-Dawley rats (about 220 g; 3-month-old) 
could be acquired from Vital River (Beijing, China) and 
fed at 20-24℃, 45-60% humidity, as well as 12 h light/
dark cycle. Rats were separated into 5 groups: sham group, 
OVX group, OVX+estrogen group, OVX+ginsenoside 
Rc group, as well as OVX+ginsenoside Rc+SB431542 
group, with 10 rats in each group. The rats received fast 
for 12 h before surgery. 10% chloral hydrate solution (0.3 
mL/100 g) was intraperitoneally injected into the rats for 
anesthesia. In addition to sham operation group (n=10), 
all the other experimental rats underwent lower abdomi-
nal incisions to remove their ovaries (n=40). Some rats in 
the positive control group were daily administrated with 
17β-estradiol (2 µg/kg) [17]. Ten weeks after operation, 
rats in the OVX group received intraperitoneal treatment 
with ginsenoside Rc (20 mg/kg, purity ≥ 98%, Aladdin, 
n=20) or 10% DMSO (n=10) every 2 days for 4 weeks. 
Rats in OVX+ginsenoside Rc+SB431542 group (n=10) 
received an intraperitoneal administration of ginsenoside 
Rc (20 mg/kg) and SB431542 (2.5 mg/kg), the inhibitor 
of TGF-β [18], every 2 days for 4 weeks. By the end of 
the trial, rats received sacrifice using thiopental (100 mg/
kg). Abdominal aorta puncture was used to collect blood, 
and serum was separated for the evaluation of bone tur-
nover markers. Femur tissues were collected for detection 
of synthesis of Collagen. The animal study was approved 
by the ethics committee of Wuxi Hospital Affiliated to 
Nanjing University of Chinese Medicine (Jiangsu, China), 
and implemented in line with the ARRIVE guidelines.

2.2. Cell culture
Primary human calvarial osteoblasts (Cat. #4600) 

could be acquired from ScienCell Research Laboratories 
(Carlsbad, CA, USA). A total of 5 × 105 cells were pla-
ted onto 30-mm-diameter culture dishes including DMEM 
(Invitrogen) which contained 10% fetal bovine serum, 
antibiotic-antimycotic reagent (100 units of penicillin G, 
100 µg mL-1 of streptomycin sulfate, along with 0.25 µg 
mL-1 of amphotericin B), as well as 2 mM L-glutamine at 
37°C with 5% CO2 and 95% air humidity. For some expe-
riments, the culture medium was added with 10 μmol/L of 
ginsenoside Rc and 10 μmol/L of SB431542. Cell viability 
was detected by MTT assay [19].

2.3. RNA extraction and reverse transcription-quanti-
tative polymerase chain reaction (RT-qPCR)

This method could be performed as a previous study 
described [9]. In brief, total RNA received extraction from 
femur tissues and human osteoblasts by TRIzol reagent 
(Takara, Japan). A spectrophotometer was employed to 
measure the concentrations of total RNA. For each sample, 
1 µg of RNA received reverse transcription to cDNA by 
M-MLV reverse transcriptase. RT-qPCR was conducted in 
an iCycler iQ5 system. GAPDH acted to be the internal 
reference. The standard curve method was utilized to ana-
lyze the gene expression. Primer sequences are listed as 
follows:
Alp (rat): F: 5’-TGGTTACTGCTGATCACCC-3’; R: 
5’-TTGTTGTGAGCATAATCCACC-3’. 

Col1a1 (rat): F: 5’-CAAGGACTATGAAGTTGATGC-3’; 
R: 5’-ACCAGTAGAGAAATCGCAGT-3’. 
Col1a2 (rat): F: 5’-GCAACATGCCAATCTTTCCT-3’; R: 
5’-TCAACACCATCTCTGCCTC-3’.
Gapdh (rat): F: 5’-AACTCCCATTCTTCCACCT-3’; R: 
5’-TTGTCATACCAGGAAATGAGC-3’.
ALP (human): F: 5’-CAGAAGAAGGACAAACTG-
GG-3’; R: 5’-ATTGTATGTCTTGGACAGAGC-3’. 
OCN (human): F: 5’-CTTTGTGTCCAAGCAGGAG-3’; 
R: 5’-CTCCCAGCCATTGATACAG-3’. 
COL1A1 (human): F: 5’-AAAGATGGAGAGGCTG-
GAG-3’; R: 5’-ATCACCCTTAGCACCATCG-3’. 
COL1A2 (human): F: 5’-GAAGGCTCTAGAAAGAA-
CCCA-3’; R: 5’-CCAGTAGTAACCACTGCTCC-3’.
GAPDH (human): F: 5’-TCAAGATCATCAGCAA-
TGCC-3’; R: 5’-CGATACCAAAGTTGTCATGGA-3’.

2.4. Western blot analysis
RNA immunoprecipitation assay lysis buffer (Beyo-

time, Shanghai, China) was used for extracting proteins 
from femur tissues and human osteoblasts. The protein 
concentrations were assessed by a bicinchoninic acid pro-
tein assay kit (Beyotime, China), and then received sub-
jection to 10% sodium dodecyl sulfate, polyacrylamide gel 
electrophoresis gel and shifted onto polyvinylidene difluo-
ride membranes (Millipore, USA). Membranes were then 
sealed with 5% nonfat milk, followed by treatment with 
the primary antibodies at 4℃ overnight. The primary anti-
bodies were: COL1A1 (sc-293182, Santa Cruz Biotech-
nology), COL1A2 (sc-393573, Santa Cruz Biotechnolo-
gy), ALP (ab224335, Abcam), OCN (ab133612, Abcam), 
TGF-β (ab215715, Abcam), Smad3 (ab40854, Abcam), 
p-Smad3 (ab51177, Abcam), Smad2 (ab40855, Abcam), 
p-Smad2 (ab188334, Abcam), BMP2 (ab214821, Abcam) 
and β-actin (ab6276, Abcam). Next, the membranes were 
cultured with secondary antibodies at room temperature 
for 1 h. β-actin acted to be the internal control. An en-
hanced chemiluminescence detection kit (Thermo Fisher 
Scientific) was adopted for visualizing protein bands and 
the ImageJ software was used for densitometry analysis of 
the band intensity.

2.5. Bone histomorphometry evaluation
The proximal femur was immobilized in 10% methanal 

for 48 hours and received decalcification for four weeks, 
followed by being dehydrated and embedded in paraffin. 
Next, paraffin sections received deparaffinization and were 
subjected to hematoxylin and eosin (H&E) staining as well 
as Masson staining.

2.6. Microstructural analysis
μ-CT (CT 40, Switzerland) at 55 kVp was conducted 

for microstructural analysis on the left distal femur of 
rats. The region of interest (ROI) could be considered to 
be 2.1 cm under the growth plate of the distal femur. The 
structural parameters of the ROI could be obtained from 
the 3-dimensional reconstructed image through the image 
analysis program based on μ-CT workstation. Parameters 
contained bone mineral density (BMD), connectivity den-
sity (COD), bone surface-to-volume ratio (BS/BV), bone 
volume over total volume (BV/TV), trabecular number 
(Tb.N), trabecular thickness (Tb.Th), trabecular separa-
tion (Tb.Sp) as well as structural model index (SMI) was 
measured.
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Tb.Sp presented significantly higher (Table 1). Treatment 
of estrogen rescued the effects of ovariectomy on these pa-
rameters in rats. Interestingly, ginsenoside Rc had rescue 
effects on these parameters except Tb.Th.

3.2.Ginsenoside Rc promotes the synthesis of collagen I
Fig 2A indicated that ginsenoside Rc induced upregula-

tion of Alp mRNA in femurs of OVX rats. As presented in 
Fig 2B, the ALP activity was decreased in femur tissues of 
OVX rats, while ginsenoside Rc treatment reversed such 
effect. Col1a1 and Col1a2 mRNA as well as protein levels 
presented reduced in OVX rats but were increased after 
treatment of ginsenoside Rc (Fig 2C-E).

3.3. Effects of ginsenoside Rc on the TGF-β/Smad pa-
thway

The TGF-β/Smad pathway is activated during osteoge-
nic differentiation [20] and is inhibited during osteopo-
rotic progression [21]. As indicated in Fig 3A-B, TGF-β, 
BMP2, p-Smad2, along with p-Smad3 protein levels were 

2.7. ALP activity assay
Rat femur tissues were harvested followed by culture 

for 72 h. After washing, an alkaline phosphatase assay kit 
(Nanjing Jiancheng Bioengineering Institute, China) could 
be adopted for measuring relative ALP activity using che-
mical colorimetry. The absorbance at 405 nm from each 
group was detected by virtue of a spectrophotometer.

2.8. Enzyme-linked immunosorbent assay (ELISA)
The blood was gathered, followed by receiving centri-

fugation to obtain the serum. The serum levels of tartrate-
resistant acid phosphatase-5b (TRACP-5b), osteocalcin 
(OCN), C-terminal telopeptide of type 1 collagen (CTX), 
as well as procollagen I N-terminal propeptide (PINP) 
could be quantified using corresponding ELISA kits.

2.9. Statistical analysis
Statistical analysis was implemented by SPSS 19.0 

software (IBM, USA). Data were exhibited as mean ± 
standard deviation. Differences were analyzed by t-test 
or one-way analysis of variance followed by Tukey’s post 
hoc test. P < 0.05 meant statistically significant.

3. Results
3.1. Ginsenoside Rc increases serum levels of OCN, 
and PINP levels, and reduces TRACP-5b together with 
CTX levels in OVX rats

Relative to sham group, the distal femurs of OVX rats 
exhibited less osteoid staining, indicating the successful 
establishment of OVX rodents. Estrogen or ginsenoside 
Rc treatment alleviates OP symptoms (Fig 1A). To deter-
mine whether ginsenoside Rc exerts effects on osteoporo-
sis development, we measured the serum levels of bone 
turnover markers. OCN and PINP are bone formation 
markers, and TRACP-5b and CTX are bone absorption 
markers. As presented in Fig 1B-E, the decreased serum 
contents of OCN, PINP, and increased serum contents 
of TRACP-5b and CTX in OVX group were rescued by 
estrogen or ginsenoside Rc treatment. Furthermore, H&E 
staining illustrated that relative to the sham group, the tra-
becular region presented smaller, thinner, and sparser in 
the OVX group. Estrogen or ginsenoside Rc treatment res-
cued the effects of OVX surgery on histomorphology of 
femurs (Fig 1F). The BMD, BV/TV, COD, Tb.N, together 
with Tb.Th in the ROI in OVX rats presented apparently 
reduced relative to sham rats, while the BS/BV, SMI, and 

Fig. 1. Effects of ginsenoside Rc on serum TRACP-5b, OCN, 
CTX, PINP levels in OVX rats. (A) The representative images 
of the distal femurs in rats of the control, OVX, OVX+estrogen, 
OVX+ginsenoside Rc groups were revealed by Masson staining. 
(B-E) Analysis of biochemical parameters (TRACP-5b, OCN, CTX, 
PINP) in serum of rats. (F) H&E staining revealed histomorphology 
changes in femurs of OVX rats. There are 10 rats in each group.*p < 
0.05, **p < 0.01.

Control OVX OVX+estrogen OVX+ginsenoside Rc
BMD (mgHA/ccm) 655.17±19.4 489.79±17.5* 612.87±15.1# 598.67±14.9##

BV/TV (%) 0.29±0.03 0.04±0.01*** 0.13±0.02### 0.08±0.01##

SMI 1.15±0.18 2.81±0.26** 1.78±0.19# 2.04±0.23##

COD (mm−3) 168.42±14.47 14.11±1.45*** 82.33±5.99### 47.17±3.72###

BS/BV (mm−1) 34.53±1.18 58.21±3.75* 42.51±2.17## 45.81±2.81##

Tb.N (mm−1) 4.95±0.51 0.99±0.08*** 3.58±0.28### 2.04±0.16##

Tb.Sp (mm) 0.20±0.014 1.03±0.072*** 0.27±0.019### 0.49±0.032##

Tb.Th (mm) 0.071±0.006 0.055±0.004* 0.065±0.005## 0.059±0.004

Table1. Microarchitectural quantitative analysis results of an ROI in the femur trabecular bone.

Student’s t-test was conducted for comparisons between 2 groups. ROI: region of interest, OVX: ovariectomy, BMD: bone 
mineral density, BV/TV: bone volume over total volume, SMI: structural model index, COD: connectivity density, BS/BV: 
bone surface to volume ratio, Tb.N: trabecular number, Tb.Sp: trabecular separation, Tb.Th: trabecular thickness. *P<0.05, 
**P<0.01, ***P<0.001 vs. the control group, #P<0.05, ##P<0.01, ###P<0.001 vs. the OVX group.
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inhibited in femur tissues of OVX rats, whereas ginse-
noside Rc treatment significantly increased their protein 
levels in OVX rats.

3.4. Repression of TGF-β/Smad pathway rescues the 
impacts of ginsenoside Rc

The elevated mRNA expression and activity of ALP 
caused by ginsenoside Rc were rescued by SB431542 (Fig 
4A-B). Increased Col1a1 and Col1a2 mRNA levels stimu-
lated by ginsenoside Rc were rescued by SB431542 (Fig 
4C-D). Similarly, COL1A1 and COL1A2 protein levels 
were elevated in OVX+ginsenoside Rc group. However, 
up-regulation of COL1A1 and COL1A2 was rescued by 
SB431542 (Fig 4E). Figure 4F revealed that SB431542 
successfully rescued the ginsenoside Rc-induced activa-
tion of the TGF-β/Smad pathway.

3.5. Ginsenoside Rc promoted osteoblast markers ex-
pression by the TGF-β pathway

Reactive activity of ALP was increased by ginsenoside 
Rc treatment and was decreased by SB431542 treatment 
in human osteoblasts (Fig 5A). Fig 5B-C displayed that 
the mRNA together with protein levels of osteoblast mar-
kers including ALP, OCN, COL1A1 as well as COL1A2 
were increased by ginsenoside Rc and were decreased by 

SB431542 in human osteoblasts. Figure 5D revealed that 
ginsenoside Rc or SB431542 possessed no influence on 
the viability of human osteoblasts.

4. Discussion
Bone remodeling includes bone resorption modula-

ted by osteoclasts together with bone formation modula-
ted by osteoblasts [22]. Excessive bone resorption is the 
main cause of osteoporosis. Osteoclasts originate from 
hematopoietic precursor cells, which can differentiate into 
multinucleated cells [23]. When osteoclasts adsorb on the 
bone surface, hydrolytic enzymes, synthesized as well as 
secreted by osteoclasts, degrade bone minerals along with 
collagen matrices. In addition, the serum levels of bone 
resorption markers reflect the degradation degree of bone 
mineral as well as collagen matrices [24]. In the current re-
search, serum OCN and PINP levels presented decreased 
in OVX group, whereas ginsenoside Rc treatment restored 
the decrease of OCN and PINP. Serum levels of bone ab-
sorption markers, TRACP-5b and CTX, were increased 
in OVX group, and ginsenoside Rc treatment rescued the 
increase of TRACP-5b and CTX.

Increasingly studies have revealed that type I collagen 
has a vital function in bone homeostasis and belongs to 
the major part of bone extracellular matrix [7, 8]. The 
alterations in synthesis, morphology, and stability of 
type I collagen are closely associated with the progres-
sion of osteoporosis [9, 10]. TGF-β affects the synthesis 

Fig. 2. Ginsenoside Rc promotes the synthesis of COL1A1 and 
COL1A2 in femur tissues of OVX rats. (A) RT-qPCR was conduc-
ted to reveal Alp mRNA expression in femur tissues of rats of the 
control, OVX, and OVX+ginsenoside Rc groups. (B) ALP activity in 
femur tissues was evaluated by an ALP Test Kit. (C) RT-qPCR ana-
lysis was conducted to measure Col1a1 and Col1a2 mRNA expres-
sion in rat femur tissues. (D-E) The protein levels of COL1A1 and 
COL1A2 were evaluated by western blot. There are 10 rats in each 
group. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 4. Inactivation of the TGF-β/Smad pathway rescues the effects 
of ginsenoside Rc. (A-B) Alp mRNA expression and ALP activity in 
femur tissues were detected. (C-D) RT-qPCR revealed Col1a1 and 
Col1a2 mRNA expression in femur tissues of rats in 3 groups: OVX, 
OVX+ginsenoside Rc, OVX+ginsenoside Rc+SB431542 groups. 
(E) The protein levels of COL1A1 and COL1A2 in femur tissues of 
rats in 3 groups: OVX, OVX+ginsenoside Rc, OVX+ginsenoside 
Rc+SB431542 groups were measured by western blot. (F) The 
protein levels of TGF-β, BMP2, Smad2, p-Smad2, Smad3 and p-
Smad3 in femur tissues of rast in the OVX, OVX+ginsenoside Rc, 
OVX+ginsenoside Rc+SB431542 groups were measured by western 
blot analysis. There are 10 rats in each group. *p < 0.05, **p < 0.01, 
***p < 0.001.Fig. 3. Effects of ginsenoside Rc on the TGF-β/Smad pathway. (A-

B) The protein levels of TGF-β, BMP2, Smad2, p-Smad2, Smad3 and 
p-Smad3 in femur tissues were measured by western blot analysis. 
There are 10 rats in each group. ***p < 0.001.
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and metabolism of type I collagen [25]. TGF-β cytokine 
belongs to a multi-functional protein released by non-pa-
renchymal cells and is closely linked to several cellular 
processes containing cell proliferation, differentiation as 
well as angiogenesis [26]. TGF-β combines with corres-
ponding receptors on cell surface, which in turn induces 
the SMAD pathway. Accumulating studies have revealed 
the close relationship between TGF-β/SMAD pathway 
and progression of osteoporosis. For instance, rhubarb 
ameliorates tubulointerstitial fibrosis in chronic kidney 
disease via repressing the TGF-β/Smad pathway [27]. 
MiR-224 promotes vascular remodeling by inducing the 
TGF-β/Smad pathway in acute coronary syndrome ]28]. 
MOTS-c facilitates osteogenic differentiation of bone mar-
row mesenchymal stem cells in osteoporosis through the 
TGF-β/Smad pathway [29]. Moreover, a recent study indi-
cated that MOTS-c alleviates osteoporosis development 
by increasing the levels of COL1A1 and COL1A2 in a 
TGF-β/Smad7 signaling pathway-dependent manner ]10]. 
Our findings innovatively revealed that ginsenoside Rc 
activates the TGF-β/Smad3 pathway. Suppressed TGF-β/
Smad3 pathway rescues the impacts of ginsenoside Rc 
on Alp, Col1a1 as well as Col1a2 levels in osteoporotic 
rats. In addition, ginsenoside Rc promoted expression of 
osteoblast markers, but did not affect viability in primary 
human osteoblasts.

Moreover, ginsenoside Rc has been revealed to upre-
gulate ACE2 [28], and upregulation of ACE2 had a thera-
peutic value for ovariectomy-induced osteoporosis in rats 
[30]. Ginsenoside Rc can suppress the activation of TBK1 
[16], and inhibitor of TBK1 can be used to suppress osteo-
clastogenesis and to prevent OVX-induced bone loss [31]. 
Oxidative stress is implicated in postmenopausal osteopo-
rosis and catalase, an oxidative stress marker, is decreased 
in postmenopausal osteoporosis [32]. Ginsenoside Rc 
can induce the upregulation of catalase [33]. ACE2 and 
catalase were associated with the TGF-β pathway [34, 
35]. It can be inferred that ACE2, TBK1 and catalase are 
involved in the therapeutic effect of ginsenoside Rc on 
osteoporosis. Nevertheless, this study had several limi-
tations. Firstly, clinical data was lacking. Secondly, more 
pathways underlying the protective effect of ginsenoside 
Rc on osteoporosis need investigation.

5. Conclusions
This study revealed the protective role of ginsenoside 

Rc on osteoporosis via increasing the synthesis of type 
I collagen in a TGF-β/Smad3 pathway-dependent way. 
These findings may provide theoretical basis for finding 
novel strategies for osteoporosis.
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