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A B S T R AC T
Osteoporosis is a disordered metabolic disease occurred congenitally or secondary. Although peptide agents have been approved 
to prevent osteoporosis administrated through subcutaneous injection, rare reports focused on peptide oral administration 
for preventive purpose. An eight peptide, P-CG-01 (YRGDVVPK) derived from oyster protein hydrolysates in gastrointestinal 
tract can promote the proliferation of osteoblast in vitro. In this study, ovariectomized mouse model was used to investigate  
the osteogenesis activity of P-CG-01. Bone mineral density value was recovered to the level of Sham by treatment of peptide  
[30 mg/kg body weight (BW)] in the ovariectomized mice. Peptide was detected at an average concentration of 803.16 ng/mL in 
serum from those mice after gavage. The peptide was labelled with fluorescein isothiocyanate and detected in the cytoplasm of 
osteoblast by confocal microscopes. ERK2 and BMP-2 expression was increased 1.5- and 3.8-fold, respectively, by the treatment 
of peptide. Our results suggest that P-CG-01 can inhibit the development of osteoporosis in ovariectomized mice.
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1. INTRODUCTION

Osteoporosis is a bone degenerative disease occurred in the popu-
lation of postmenopausal women and elderly men. The fundamen-
tal cause of osteoporosis is the destruction of dynamic balance of 

bone homeostasis, that is, the rate of bone formation of osteoblasts 
is less than the rate of bone absorption of osteoclasts, leading to the 
decrease of overall bone mass in the body. Osteoporosis can result 
in hip fractures, vertebral compression in common, and other bone 
fractures. According to current statistics, approximate one in every 
two women and one in every five men suffer from bone fractures [1].

Although the anabolic agent of various protein, such as, 
Parathyroid Hormone (PTH), PTH-related Protein (PTHrP) [2], 
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Bone Morphogenetic Protein-2 (BMP-2), osteoprotegerin and 
platelet-derived growth factor that increase bone formation, some 
molecules are not suitable for drug therapy because they are expen-
sive, subjected to enzymatic degradation, have limited supply, and 
even decrease the Bone Mineral Density (BMD) value on periph-
eral skeleton at high dose [3]. Thus, novel anabolic agents that can 
rapidly promote bone formation or treat bone loss are needed. The 
form of a shorter sequence of peptides represents a series of supe-
riority that binds specifically to their targets in vivo, exerts high 
efficiency of biological action and has side effects because of mod-
erate non-specificity. The peptide agent application can be used not 
only in systemic injections, but also as oral pills in clinical setting. 
Though the bioavailability of injection administration is greater, 
oral delivery are more convenient and acceptable for patients. The 
route of oral injection of circulation protein or peptide-based agents 
has to overcome a range of barriers. The molecules may be proteo-
lytic cleaved in gastrointestinal tract to prevent permanent damage 
on mucosa of membrane. In addition, entrance into hepatic vein 
may also hinder their property, including molecular size, polarity, 
dosage. However, many attempts have been made for development 
of oral drug of peptide. Salmon calcitonin, human PTH (1–34), and 
human PTHrP (1–36) have been tested in different stages of clini-
cal testing for treating osteoporosis [4–6].

Recent years, research on food-derived nutraceutical functional 
proteins suggest that oral use of antiosteoporosis peptides in short 
length may play a complementary role for therapeutic treatment, 
which can increase BMD value and prevent bone loss. A 6-month oral 
administration to subjects who are 44–59 years old, the average BMD 
was higher compared to the control group especial for women [7].  
A nutraceutical product obtained from protein hydrolysates of 
collagen or gelatin are proposed to be helpful for the maintenance of 
normal bone and tendon health, and improving brittle nail treat-
ment [8,9]. Proteins and their fragment isolated form Mytilus edulis 
enhance the proliferation of mouse preosteoblast cell by increasing 
the ALP activity [10]. Those results indicate that peptides originated 
from natural food could be an anti- osteoporotic agent to maintain 
bone mass level via oral administration.

Marine protein resources are abundant in shellfish. The discovery 
of bioactive roles of peptides in aquatic food suggest that the pep-
tides can be developed as potential nutraceutical for disease treat-
ment. In our previous study, one novel oyster-derived P-CG-01 
exerts an osteogenic activity of pre-osteoblast (MC3T3-E1) in intro 
[11]. The peptide was obtained from pacific oyster via the mimic 
gastrointestinal digestion and the peptide was resistant to gastroin-
testinal digestion. However, the peptide’s anti-osteroporotic effect 
in vivo is unknown. The current study, ovariectomized mice, an 
osteoporosis model, were treated with the peptide orally. The bone 
mass of those mice was evaluated by micro-CT scanning. The 
absorption of the peptide into circulation and the cellular local-
ization of osteoblast together with the mechanisms of action were 
investigated.

2. MATERIALS AND METHODS

2.1. Materials and Chemicals

The authentic standards of all organic reagent used in mass spec-
trometry analysis were Mass Pure Grade. All the cell lines were 

purchased from the Cell Bank of Chinese Academy of Sciences, 
Shanghai, China. Isoflurane (RWD Life Science, Shenzhen, China) 
was used to euthanize the mice.

2.2. Cell Culture

MC3T3-E1 cells were incubated immediately once cell lines were 
arrived. Medium for cells culture was a Minimum Eagle Medium 
(MEM, Hyclone, IL, USA) with addition of fetal bovine (10%, 
PAN-Biotech, UK). Medium for Caco-2 cell lines was 80% MEM 
(Hyclone), 20% fetal bovine. Cells were firstly cultured in a cul-
ture flask (Corning, NY, USA) for three generations at 37°C and 
5% high-purity CO2 [12,13]. Then they were transferred into 6-well 
plates (Corning, NY, USA). Medium was replaced every 2 days. 
P-CG-01 was dissolved in the medium at the concentrations of  
2.5, 25, and 100 nM. The peptide was added into 6-well plates 
after the cells were attached about 24 h.

2.3. Animal and Osteoporotic Mouse Model

Female C57 mice at 10 weeks old were purchased from Dalian 
Medical University (L20160258). They were randomly housed 
six per group in one cage on a cycle of 12-h light/dark cycle. 
Temperature of housing room was maintained at 22 ± 2°C, and 
relative humidity was constant at 55 ± 5%. Prior to any interven-
tion and throughout the entire research, mice had free access to 
water and commercial rodent chow (AIN 93 purified diets). Body 
weight of mice was measured weekly. Animal care procedures  
were complied with Principles of Laboratory Animal Care. All pro-
tocols complied with the policy statements of the Animal Manage-
ment Regulations (2017) on the research of experimental animals.

Ovariectomized mice (OVX group, n = 10) and those with fat near 
ovarian removed (Sham group, n = 10) were allowed to recover for 
2 weeks. Ovariectomized mice (OVX + E2 group, n = 10) subcu-
taneously injected with estrogen-2. P-CG-01 (OVX + SP3 group, 
OVX + SP10 group, OVX + SP30 group, in three concentrations,  
3, 10, 30 mg/kg·day, respectively, n = 10) was intragastrically admin-
istered. Sham and OVX group were allowed the same amount of 
water. Osteoporosis in OVX mice were examined by micro-CT 
scan of trabecula comparing to Sham. In this study, potential osteo-
genesis peptides were used to prevent the loss of estrogen in ova-
riectomized mice. At the end of the research, mice were younger 
than the age when the ovary was about to decline. At 3 months, 
bilateral femur of specimens and blood samples were collected for 
further investigation.

2.4.  Osteoclast Differentiation from 
RAW264.7 Cell

To evaluate the effect of peptide on Receptor Activator of Nuclear 
Factor Kappa b Ligand (RANKL)-induced RAW264.7 cells differ-
enced into osteoclast, RAW264.7 (1 × 103 cells per well) were cultured 
in DMEM and allowed to attach overnight. Medium then added with 
peptides (0, 2.5, 25, 100 nM), with and without 100 ng/mL RANKL, 
with and without 50 ng/mL macrophage-colony stimulating factor 
(M-CSF). Cells were cultured for 4 days with the medium [14,15].
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2.5.  Alkaline Phosphatase Activity in  
Osteoblast and Mice Blood

Alkaline Phosphatase (ALP) activity assay used a tube free of 
heat resource and endotoxin and avoided any stimulation to 
cell. Mouse serum was obtained after centrifugation at 3000g for  
20 min. Alkaline phosphatase in mouse serum and Caco-2 cells 
were detected by an ALP assay kit [16,17]. Protocols of ALP activity 
were referred to the manufacture manual, which can recognize the 
wild type and recombinant ALP specificity in mice.

2.6.  Tartrate-resistant Acid Phosphatase 
Activity in Osteoclast and Mouse Blood

Tartrate-resistant acid phosphatase (TRAP) activity assay used a 
tube free of heat resource and endotoxin and avoided any stimu-
lation to cell. Mouse serum was obtained from the method above. 
TRAP activity in supernatant and in mouse serum was detected by 
a TRAP assay kit (Beyotime, Shanghai, China) [18,19]. The oper-
ation procedure was according to the standard protocol. Samples 
were added into the 96-well, where TRAP can dephosphorylate the 
para-nitrophenyl phosphate into para-nitrophenyl under acid con-
dition. Finally, 96 wells were read by a microplate reader (Infinite 
M200, Tican) under alkaline pH.

2.7. Cell Cycle by FCM

Cells were fixed with 70% ethanol in fixator at 4°C for 1 h, and 
the suspension in PBS was kept for 10 min. After Propidium 
Iodide [PI, 10 g/L, Sigma (MO, USA)] staining, a flow cytometry 
(FACScan, Becton and Dickinson, CA, USA) was used to detect 
fluorescence of cultured cells. Cell nucleus can transform the beam 
of 488 nm argon laser to a range emission from about 560 and  
600 nm (bandwidth 35 nm). Red fluorescence of DNA with PI 
staining was collected, and the data were recorded on a logarith-
mic scale. The Forward Scatter (FSC) and side scatter of cells 
were achieved in real-time. All data were analyzed using offi-
cial FACScan software for research use (Becton and Dickinson) 
[20,21]. Cell fragments were rejected from analysis by appropriate 
threshold of FSC.

2.8. Transwell Assay

Caco-2 cells were cultured at count about 105 cells/well in apical 
compartment of a commercial transwell (Corning, NY, USA). 
Resistance of cell was monitored by a resistor (MERS00002, 
MilliporeSigma, USA) in everyday culture to make sure the 
monolayer of cell lines. Resistance was controlled transepithelial 
electrical resistance (TEER) value between 300 and 1000 Ω·cm2, 
until it exceeds the extreme growth [22]. Extremum of Caco-2  
ALP was calculated by the ALP activity ratio of AL/BP of each well. 
Concentration of 500 μg/mL peptides were added into each well in 
three replicates. Then incubation was kept for 15, 30, 60 and 120 
min. Medium of basal compartment was deproteinized using salts 
in medium via polar phase elution through the SPE C18 column 
[23,24]. Peptide penetrated concentration in basal compartment 
was detected by UPLC-MS method, which is described below.

2.9. P-CG-01 Absorption in vivo

C57 mice were fasted 18 h in advance. Animal of peptide-induced 
absorption in C57 mice in this experiment has been published in 
previous reports [25]. Random grouping was used and mice (six/
group) received oral administration of peptide (per os 30 mg/kg 
BW). Besides, control group was intragastrically administrated with 
water. Orbital vein method was used to collect blood. And 100 μl 
blood samples were collected at 5, 10, 20, 30 min, 1 h, 2, 4, and 12 h 
after mice received ether anesthesia. Serum was harvested by cen-
trifugation at 3000g for 15 min, then it was stored at −70°C for fur-
ther analysis. And serum was deproteinized and desalted via polar 
phase elution through the SPE C18 column [23]. Peptide concentra-
tion was detected by UPLC-MS method, which is described below.

2.10.  Quantification of P-CG-01  
by HPLC-MS/MS

Method of P-CG-01 culture on transwell assay and in mouse serum 
was identified by a HPLC (SHIMADZU, Osaka, Japan) coupling 
MS [AB SCIEX QTRAP 5500 (AB Sciex, CA, USA)]. Column 
was with a flow of 0.3 mL/min. Elution started at 12% of phase B 
(0.1% formic acid in acetonitrile) to 30% phase B in 3 min; 30–95% 
phase B in 1 min; 95–12% phase B in 0.2 min, till the end in  
5 min. Parameters on MRM of P-CG-01 was adjusted by direct injec-
tion into MS. Declustering Potential (DP) and Collision Energy (CE) 
were tuned for the highest ion intensity, 140 and 44 kV, respectively.

2.11. RT-qPCR

RNA of cells treated with P-CG-01 was extracted. Total mRNA 
reverse transcription to cDNA was performed according to the 
manufacturer’s protocol (PrimeScript™ RT reagent Kit with gDNA 
Eraser, Takara, Dalian, China). Reaction system volume was set as 
20 μl in total. Eleven putative reference genes were designed from 
the US National Center for Biotechnology Information (NCBI)  
database or reported stable gene expression. Primer sequences 
(purchased from Sangone Biotech, China) was cross-checked. 
Quantitative PCR was performed on qTower 2.2 system in an  
8 well PCR Strip tubes (AXYGEN, CA, USA). Reaction system was 
carried out from the kit method of TB Green™ Premix Ex Taq™ II 
(Tli RNaseH Plus, Takara). Briefly, samples were amplificated in 
95°C for 30 s with enzyme activation, and then modified 40 cycles 
in 95°C for 5 s, and then annealed 30 s at 60°C. Melting curve was 
analyzed at the end of each run, from 65°C to 95°C [26,27]. Mean 
value of all samples and positive controls were used for analysis 
of gene expression change fold, which were conducted in qua-
druple. Quantization period (Cq) above 35 was excluded. Primer 
list of extracellular signal-regulated kinase (ERK)1/2, p38, ALP, 
Runt-related transcription factor 2 (RUNX2), Osteocalcin (OCN), 
Osteopontin (OPN), BMP-2 gene are designed as below.

2.12. Confocal Microscopy

P-CG-01 was labelled by fluorescein isothiocyanate (FITC) at 
N-terminal, which was identified by MS (LXQ 10310, Thermo 
Fisher Scientific, MA, USA) with direct injection. And excitation 
wavelength and emission wavelength were confirmed by a  
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fluorophotometer (F-2700, Hitachi, Japan). MC3T3-E1 cell line 
was cultured in a 35 mm confocal well overnight for 80,000 per 
well. Next day, cell nucleus was stained with 4′,6-Diamidino-2-
Phenylindole, Dihydrochloride (DAPI, 10 μg/mL in cell culture 
medium) for 30 min. Then confocal well was washed by PBS three 
times, 5 min/time. A confocal chamber (GSI-D35, Corning, NY, 
USA) on an automatic stage was used to keep the confocal well at 
the circumstances of 37°C, 5% CO2. Cells were observed under the 
confocal (TSC SP8, Leica, Germany) after the P-CG-01-FITC was 
added into the well for 5, 10, 20, 30, and 60 min. Excitation wave-
length of DAPI was set to 405 nm, and emission wavelength was 
from 434 to 464 nm. Excitation wavelength of P-CG-01-FITC was 
set to 490 nm, and emission wavelength was from 515 to 535nm. 
Magnification of the objective and eyepiece lenses were 20× and 
10×, respectively. A more 8× magnification was used to observe the 
single cell from the local-field of confocal.

2.13. Western Blotting

P38, ERK, OSX, RUNX2, BMP-2 proteins are the crucial biomarker 
of MC3T3-E1 cell during the proliferation time. And all above anti-
bodies were purchased from Proteintech (IL, USA). Proteins were 
extracted from MC3T3-E1 cell after treatment with P-CG-01 for  
72 h. Cell lysis buffer for Western blotting (Beyotime, Shanghai, 
China) containing 1 nM PMSF was used to lyse cells to obtain  
proteins. And protein concentration was measured by the Bradford 
protein assay (Beyotime) to calibration of equivalent quality for 
sample loading. Proteins were loaded on a SDS-PAGE to be sepa-
rated by electrophoresis system (Bio-Rad, CA, USA). Proteins on the 
PAGE were transferred to the polyvinylidene difluoride (PVDF) film.  
After blocking for 1 h, PVDF membrane was incubate with primary 
antibody (1:1000) for 2 h at room temperature. Then it was washed 
by TBST buffer for 3 times. Same procedure was for second antibody 
(1:2000) incubation. Electrochemiluminescence was used for chro-
mogenic reaction for 30 min (BeyoECL Plus, Beyotime) [28,29]. 
Finally, film was scanned or photographed, and molecular weight 
and net optical density of target band were analyzed by the gel image 
processing system (MF-ChemiBIS 2.0, DNR, Jerusalem, Israel).

2.14. Micro-CT Analysis

Prior to micro-CT analysis, mice were anesthetized with the mixture 
of oxygen and isoflurane, at a flow rate of 0.2 mL/min. Trabecular 
spongiosa at the left femur from each mouse was scanned ex vivo 
using a micro-CT system (SKYSCAN1272, Bruker, Germany). 
Operational parameters were as below: X-ray voltage, 50 kV; Filter, 
0.5 mm aluminium. Briefly, the Region of Interest (ROI) was selected 
on the cross-sectional slice of reconstruction dataset from the scan 
of instrument. Trabecular region was defined as a reference slice of 
growth plate from the position of four islands, which was sketched 
by chondrocyte seams. The ROI was extended to 1.72 mm at the 
beginning of 0.22 mm from the growth plate along the axis of distal 
femur. All the trabecular bone in ROI was converted into 3D model 
(sigma = 1.2, supports = 2 and threshold = 180) to calculate the bone 
formation parameters including BMD, Bone Volume/Tissue Volume 
(BV/TV), trabecular thickness, trabecular numbers, trabecular sep-
aration, trabecular pattern factor [30]. BMD value was calibrated by 
phantoms with standard density of CaHA (0.25 and 0.75 g/cm3).

2.15. Bone Tissue Slice

Mouse tibia was picked out, and muscle tissue was removed as 
much as possible. Tibia was soaked in hydrochloric acid solution 
for 2 days to decalcify calcium in matrix, which reduced its hard-
ness for easy slicing. Before specimen was made, bone was fixed in 
paraformaldehyde (4%) and embedded by a paraffin embedding 
station (EG1150H, Leica) [31,32]. Longitudinal section of each 
tibia was cut into 20 slices with a paraffin slicing machine (RM2245, 
Leica). Slice thickness was adjusted to 5–6 μm. Hematoxylin–Eosin 
staining was used to dye mouse specimen after dewaxing. From 
the tibial femoral as the starting point to the tibial end, 5 mm was 
selected as the bone trabecular region. Finally, specimens were 
observed by light microscope (TI-DH, Nikon, Tokyo, Japan).

2.16. Statistical Analysis

Data were analyzed statistically and diagramed using Origin 8.0 
(OriginLab, USA). Statistical significance of differences between 
the group of Sham, OVX, OVX + OP, and OVX + SP were deter-
mined by one-way ANOVA with evaluation by Dunnett method. 
The data were at least three times reduplicates for each sample and 
six mice per group in animal experiment, which were presented as 
means ± standard error (M ± SE).

3. RESULTS AND DISCUSSION

3.1.  Osteoporosis Protecting Effect  
of P-CG-01 in vivo

The ovariectomized mice were given peptides orally as soon 
as the health of mice recovered and when the mice were not have 
the sign of and far from the osteopenia or osteoporosis. All those 
mice were fed for 2 months, until they were scanned by micro-CT  
in vivo. During the whole experiment, no toxic effects was found 
by intragastric administration. Skeletal microstructure of mice 
femora was evaluated by micro-CT scanning at trabecular region. 
No apparent differences was found between Sham and experi-
mental groups in the selected region of interest of trabecula. The 
static bone histomorphometric analysis of trabecula turn-over of 
bone mass induced by ovariectomy in female mice was performed. 
Representative trabecular 3D structures were reconstructed to 
compare the size of the strands in each group, as seen in Figure 1, the 
trabecular volume of OVX + 30SP group was recovered to the level 
of OVX + E2 group. The bone tissue slices also can indicate the 
trabecular thickness near the cortical bone in OVX + 30SP group 
was greater than OVX, even though the trabecular number was not 
recovered to the level of Sham, shown in Figure 2.

Bone mineral density is an important index for the evaluation 
of osteoporosis, and its significant changes can be used to ana-
lyze bone health. It can be seen from the results that BMD in 
OVX group decreased significantly, and the BMD decreased in 
the model mice was alleviated by the intervention of peptides. 
Although the index of TV, BV and TV/BV was lower than that 
of the positive control group treated with estrogen-2, compared 
with the non-treated control group, the quantity of trabecular 
bone in all peptide treatment groups recovered in some degrees, 
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and the trend of trabecular separation was more concentrated. 
However, the trabecular thickness and trabecular pattern factors 
did not change (Figure 3). ALP and TRAP are the biomarkers 
that can be detected in blood, which are released from osteoblast 
and osteoclast. Only the ALP activity in serum of OVX + E group 

recovered to the level of Sham. However, ALP activity in OVX 
+ SP30 was higher than that in OVX group, shown in Figure 4. 
The dephosphorylation of ALP causes it to produce phosphoric 
acid as an inorganic salt, hydroxyapatite, which releases synthetic 
bone matrix from osteoblasts [33]. TRAP activity of all group 

Figure 1 | Osteopenia attenuated by oyster peptides below 3 KD and P-CG-01. (a) The 3D reconstruction of bone trabecula; (b) the trabecular profile 
(X–Z axis); (c) the cross-sections of trabecula (X–Y axis). Sham, the group of removal of mouse fat tissue; OVX, the group of removal of mouse ovaries; 
OVX + E2, the group of OVX mice with subcutaneous injection of estrogen 2; OVX + SP3, OVX + SP10, OVX + SP30 was the groups of OVX mice with 
oral gavage of P-CG-01 in different concentrations, 3, 10, 30 mg/kg·day, respectively. KD, kilodalton.

a

b

c

Figure 2 | Slice staining of bone tissue. The slice was stained by Hematoxylin–Eosin. OVX, the group of removal of mouse ovaries; OVX + SP30 mean the 
group of OVX mice with oral gavage of P-CG-01 at 30 mg/kg·day. The section was the area of trabecular. (a) Sham. (b) OVX. (c) OVX + SP30.

a b c
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Figure 3 | Bone microarchitecture of mice trabecular by micro-CT analysis. (a) BMD value of C57 mice, (b) bone volume, (c) tissue volume, (d) BV/TV, 
(e) trabecular thickness, (f) trabecular separation, (g) trabecular number, (h) trabecular pattern factor of C57 mice analyzed by micro-CT.
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c

e

g

b

d

f

h
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Figure 5 | Cell cycle of MC3T3-E1 treated with P-CG-01. Analysis of cell 
cycle by FCM in S, G2M,G0G1 phase, treated with 100 nM P-CG-01.

is a cytokine which is essential for survival and proliferation of 
mononuclear phagocytes. After combining those two factors for 
7 days, when macrophagocytes were transformed into osteoclast, 
which is detected by the TRAP concentration assay. Afterward, 
osteoclast was treated with 1, 10, 100 nM peptides and the cell via-
bility by MTT assay decreased about 13% at 100 nM suggesting 
that P-CG-01 can also slightly prevent the osteoclast multiplication. 
Figure 6 shows that the TRAP concentration increased 171% when 
RANKL and M-SCF were added, in contrast to control. Increase 
of TRAP was attenuated by 1, 10 and 100 nM peptide in a dose- 
dependent manner.

3.3. P-CG-01 Absorption in vitro and in vivo

Peptide absorbed by Caco-2 cells stimulates the penetration of 
itself from inside of intestine to the villus epithelial cell. In this 
study, MTT experiment was also used to investigate the effect of 
different concentrations of polypeptides on the activity of Caco-2 
cells. No cell damage was found even at the highest concentration 
of 250 nM. Extremum of ALP activity was 3.49 ± 0.43 so that it 
was suitable for transwell assay of Caco-2 (Table S1, Supplementary 
Material) [36]. These ensured the biosafety of the peptides for 
the intestinal tract during absorption and utilization. As time 
increased, the body’s peptide concentrations became higher and 
higher, reaching their peaks at 120 min (Figure 7). The peptide 
concentration in the top compartment also decreased with time. 
The results suggest that the peptide can be absorbed into the  
bloodstream through intestinal epithelial cells.

While, absorption of peptide in vivo of gastrointestinal tract was 
also investigated in C57 mice via oral administration. The pep-
tide dose was the same as the treatment when it was used in the 
study of osteoporosis prevention in OVX mice. The results showed 
that when the peptide was administered through oral gavage, it 
can be absorbed through the barrier of intestinal villus into blood 
immediately. And the highest concentration was found at 10 min 
and the peptide at detectable dose maintained for 4 h in mouse 
serum (Figure 8). No matter the absorption assay in vitro or in vivo,  
P-CG-01 can be detected. Our results clearly suggest that although 
most of the peptide of protype was damaged, some levels of the 
peptide can break through the obstacles of gastro-intestine and 
absorbed into the circulation and it is crucial for osteogenesis.

Figure 4 | ALP and TRAP activities in C57 mouse serum. (a) ALP activity after treatment of 1 nM, 10 and 100 nM P-CG-01; (b) TRAP activity after 
treatment of 1 nM, 10 and 100 nM P-CG-01.

treated with peptide recovered to the level of Sham as well as  
OVX + E. Therefore, results from bone trabecular microstruc-
ture and serum biomarker suggest that orally administration of  
peptides prevent the osteopenia in osteoporosis mice.

3.2. Effects on Osteoblasts and Osteoclasts

In our previous study, P-CG-01 can promote the proliferation of 
MC3T3-E1 cells [11]. We hypothesized that the cell cycle may be 
changed during the stimulation. The cell cycle of osteoblast was 
detected by flow cytometry (FCM). The nuclei were stained with 
PI. As we can see in Figure 5, after treatment with peptide for  
3 days, the cell numbers of G2M phase increased, as well as the  
S phase. Not only the change of osteoblast, the effects of P-CG-01 
on the osteoclasts were also discovered. RAW264.7 cell line was  
a macrophagocyte, that can be induced to differentiate into osteo-
clast by RANKL and Colony-stimulating Factor 1-Macrophage 
(M-SCF) [34]. RANKL is a factor secreted from osteoblast that 
interacts with RUNX2 on the surface of osteoclast, which acts as a 
promotor for osteoclast maturation and growth [35]. And M-SCF 

a b
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Figure 7 | Peptide absorption of Caco-2 cells by transwell assay. (a) Standard curve of P-CG-01 detected by LC–MS; (b) P-CG-01 concentration in the AP 
compartment; (c) P-CG-01 concentration in the BL compartment; (d) MTT assay of Caco-2 cells treated by P-CG-01.

3.4.  Cellular Localization of P-CG-01  
in Osteoblast

In order to investigate the translocation of peptide YRGVVPK in 
the osteoblast. Generally, analysis of peptide localization in the cells 

can provide the clue. The peptide was synthesized with a fluores-
cent group of FITC. To investigate the cellular localization, labeled 
peptide was added into a confocal well. And the confocal well 
can be observed under the confocal microscope. Figure 9 shows 
that P-CG-01 was detected in cytoplasm with green florescence.  

Figure 6 | Inhibition of osteoclast differentiation by P-CG-01. (a) MTT assay of 1 nM, 10 and 100 nM treatment of P-CG-01, (b) TRAP activity of 
RAW264.7 inhibited by 1 nM, 10 and 100 nM treatment of P-CG-01 after adding M-SCF and RANKL.
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Figure 8 | Peptide absorption into serum of mice. (a) Standard curve of P-CG-01 detected by LC–MS; (b) P-CG-01 concentration detected in mouse 
serum from 10 min to 12 h after intragastric administration.

Figure 9 | Peptide penetration into cytoplasm of MC3T3-E1 cells under confocal microscope. Green color in the cytoplasm area was P-CG-01-FITC, blue 
color was nuclei stained with DAPI, scare bar: 25 μm and zoom in: 8 μm.

While the green florescence did not present in the nuclei, stained  
by DAPI. These results suggest that the peptide can penetrate 
through the membrane of osteoblast to play a bioactive function.

3.5.  Molecular Mechanism of  
Osteoblast Proliferation

Gene expression of osteoblast affected by P-CG-01 was studied. 
Mitogen-activated protein kinase (MAPK) pathway is the princi-
ple route of cell proliferation, differentiation, apoptosis, and the 

study on MAPK pathway was widely reported [37,38]. In this 
study, osteoblast proliferation was increased, and cell circle was 
accelerated by the peptide. ERK1/2 and p38 are the subfamilies 
of MAPKs, which is highly involved in activating the signals and  
cellular responses through cell lifespan. ERK1/2 regulates cell pro-
liferation and inhibits the apoptotic death against different stim-
uli from varies responses. And p38 in MAPK pathways has been 
suggested to participate in cell cycle control and cell multiplica-
tion [39]. The osteoblast signals requires the activation of ERK1/2 
and p38 for its proliferation and differentiation [40–42]. Reports 
also showed that in osteoblast, ERK1/2 and p38 pathways are 

a b
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Figure 11 | Western blot analysis of proliferation-related proteins from 
osteoblast treated by P-CG-01.

modulated into a fast activation by action of ATP [40]. Figure 10 
reveals that peptide treatment increased ERK 2 expression by 1.5-
fold comparing to control. Interestingly, expression of p38 was 
decreased 50% by the peptide. This may suggest that p38 activation 
occurs in the early stage of osteoblast.

Runt-related transcription factor 2 (RUNX2) have been found 
to be essential for osteoblast differentiation, including the osteo-
blast differentiation from mesenchymal progenitors into matura-
tion osteocytes [43,44]. RUNX2 can promote skeletal growth in 
both stages above. In OVX + SP30 group, RUNX2 level of change 
was about twofold. The gene of ALP was also increased twofold 
in OVX + SP30 group, and the regulation of mRNA was verified 
by the ALP concentration in the medium of osteoblast and in the 
serum of mice. The acceleration of cell reproduction and differen-
tiation also leads to the improvement of osteogenesis. Bone mass or 
bone matrix contains a series of proteins in matrix, which is con-
trolled by some promoting proteins, such as BMP-2, OCN, OPN. 
These proteins widely expressed in the extracellular matrix that 
are important for regulating the tissue integrity. BMP-2 was a key 
factor of the interest in the process of osteoblast proliferation and 
differentiation [45,46]. OCN is mainly synthesized by osteoblasts, 
odontoblast cells, and some by proliferating chondrocytes [47]. It 
plays an important role in regulating bone calcium metabolism 
and is a new biochemical marker for studying bone metabolism. 
The synthesis of OPN by early pre-osteoblasts is a 55 KD hypo-
phosphorylated protein, which may be related to the formation 
of bone matrix. Osteoblasts in early phase can synthesize a 44,000  
hypophosphorylated OPN, which can regulate the growth of 
hydroxyapatite crystals. Therefore, OPN is considered as a marker 
of mature differentiation of osteoblasts [48,49]. The results of our 
study showed that peptide treatment led to increase in BMP-2 
expression by about 3.8-fold. Levels of OCN and OPN were 
increased by about twofold (Figure 11). The results of the above 
osteoblasts demonstrate that this peptide increases the release of 
bone matrix and regulates bone matrix by accelerating the growth 
and differentiation rate of osteoblasts. Finally, the bone synthesis 
ability of osteoblasts is enhanced.

4. CONCLUSION

The main finding of our study in OVX + SP mice was that specific 
synthetic peptides significantly prevented BMD and the trabecu-
lar number from decreasing in the distal femur, in contrast to the 
OVX mice. OVX mice treated with peptide showed 7.7% higher 
BMD in the femoral trabecular, suggesting a preventive effect of 
the 2-month treatment with synthetic peptide. The anabolic effect 

Figure 10 | Gene expression level change of MC3T3-E1 cells treated by P-CG-01. (a) The MAPK pathway-related gene expression of MC3T3-E1 cells;  
(b) proliferation and secretion pathways-related gene expression of MC3T3-E1 cells.
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of intake of synthetic peptide was also confirmed by a significant 
increase in the bone formation biomarkers, ALP and TRAP bone 
specific protein in mice. P-CG-01 can break through the obstacles 
of gastrointestinal tract barriers and enter into the osteoblast cyto-
plasm. Next, the mechanism of osteopenia of peptide was through 
the regulation of ERK1/2 MAPK pathway to enhance osteoblast 
viability. Meanwhile, it accompanied by gene expression that 
increased secretion of bone matrix proteins, such as BPM-2, OPN 
and OCN. In conclusion, P-CG-01 can inhibit the development of 
osteoporosis in ovariectomized mice.
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