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A B S T R A C T   

Finding effective practical components to promote bone mineralization from the diet has become an effective 
method to regulate bone mass. In this study, peptides-calcium chelate derived from Crimson Snapper scales 
protein hydrolysates (CSPHs), and xylooligosaccharide (XOS)-peptides-calcium chelate prepared by trans-
glutaminase (TGase) pathway, named CSPHs-Ca and XOS-CSPHs-Ca-TG, were used to explore the effects of 
glycosylation on their structural properties and osteogenic activity in vitro. Results showed that XOS-CSPHs-Ca- 
TG had better calcium phosphate crystallization inhibition activity with more unified structures than CSPHs-Ca, 
and could effectively maintain a stable calcium content in the gastrointestinal tract. Meanwhile, the glycosylated 
peptide-calcium chelate could accelerate the calcium transport efficiency in the Caco-2 cell monolayer, up to 
3.54 folds of the control group. Moreover, XOS-CSPHs-Ca-TG exhibited prominent osteogenic effects by pro-
moting the proliferation of MC3T3-E1 cells, increasing the secretion of osteogenic related factors, and acceler-
ating the formation of intracellular mineralized nodules. RT-qPCR results further confirmed that this beneficial 
effect of XOS-CSPHs-Ca-TG was achieved by activating the Wnt/β-catenin signaling pathway. These results 
suggested that glycosylation might be a promising method for optimizing structural properties and osteogenic 
activity of peptide-calcium chelate.   

1. Introduction 

Osteoporosis is one of the most common bone diseases and stands 
sixth among the most frequently-occurring diseases. Its clinical mani-
festations are reduced bone mass, destruction of bone microstructure, 
and increased bone brittleness, leading to increased fracture risk (Wu 
et al., 2020). Bone remodeling is achieved by coordinating two cell types 
with opposite functions, namely osteoclasts and osteoblasts (Zhang 
et al., 2021). Regularly, bone formation of osteoblasts and resorption of 
osteoclasts are in a dynamic balance during bone reconstruction. When 
both values change and tend to resorption, osteoporosis will occur (Jie 
et al., 2018). Currently, the treatment of osteoporosis is still based on 
chemical drugs. According to the different action mechanisms, they can 
be divided into bone resorption inhibitors (bisphosphonates, estrogen, 
calcitonin), bone formation promoters (fluoride, strontium prepara-
tions), and bone mineralization drugs (Vitamin D, calcium prepara-
tions). However, various side effects and high costs limit the application 
of the first two treatments (Tonk et al., 2022). Therefore, finding 

practical components to promote bone mineralization will be an effi-
cient way to regulate bone mass. 

Calcium is the main component of human bones and teeth, 90% of 
which is absorbed in the small intestine. However, in the weak alkaline 
environment of the small intestine, calcium ions are inclined to form 
insoluble calcium salt with acid radical ions in food, leading to the 
reduction of calcium bioavailability in the human body (Gao et al., 
2018a). Therefore, novel calcium supplements emerged as the time 
required, among which peptides like casein phosphopeptide (CPP) (Liu 
et al., 2021) and phosvitin phosphopeptide (PPP) (Jiang and Mine, 
2000) are the prominent representatives. They can combine calcium 
ions to prevent precipitation, thus increasing soluble calcium concen-
tration in the small intestine (Zhu et al., 2020). Additionally, as the 
primary calcium carrier, they can interact with the cell membrane and 
then open the calcium channel to promote calcium absorption in the 
human body to ameliorate osteoporosis (Lin et al., 2020). Recent studies 
have demonstrated that peptides extracted from egg yolk soluble protein 
(Kim et al., 2008), fish collagen (Yamada et al., 2013), and bovine serum 
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(Liu et al., 2014) could promote calcium absorption and have osteo-
protective activity by inducing the differentiation of pre-osteoblasts. 
Further studies showed that porcine bone collagen peptide-calcium 
chelate could up-regulate the expression of osteoblast differentiation 
markers, such as alkaline phosphatase, type I collagen, and Runx2 (Wu 
et al., 2020). Zhang et al. (2018a) found that the bone mineral density 
and bone strength of ovariectomized rats fed with Pacific cod 
peptide-calcium chelate were significantly increased. Similar results 
were also obtained in the bone metabolism of collagen peptide-calcium 
chelate in rats with calcium deficiency models by Zhao et al. (2014) and 
Wang et al. (2018a). These results suggest that peptide-calcium chelate 
benefits bone metabolism and could be a potential supplement for 
improving osteoporosis. 

Indigestible oligosaccharides are considered the most promising 
prebiotics for bone health because they can stimulate and activate in-
testinal flora, promote calcium absorption, improve bone strength and 
benefit other bone health agents (Arora et al., 2021). Zhang et al. (2021) 
found that FOS/GOS could significantly improve bone loss in mice. By 
feeding calcium deficient mice with Konjac oligosaccharide for 8 weeks, 
Ai et al. (2021) found that the number of trabeculae and bone me-
chanical strength was heightened. Therefore, indigestible oligosaccha-
rides are also considered a new substance to improve osteoporosis. 
Moreover, glycosylation is the most common way of protein chemical 
modification. Based on the advantage of glycosylation modification and 
the in-depth study of functional peptides, glycosylation has been applied 
to peptides to improve their physiological activity (Gao et al., 2018b). 
Zhu et al. (2020) investigated the fabrication of calcium delivery sys-
tems by casein phosphopeptides and chitosan oligosaccharides, showing 
that the delivery vehicles could enhance calcium retention and bone 
synthesis in mice. However, the knowledge of the mechanism of gly-
cosylated peptide-calcium chelate promoting bone formation is still 
limited. 

Therefore, in the present study, novel glycosylated peptide-calcium 
chelates derived from Crimson Snapper scales protein hydrolysates 
(CSPHs) and xylooligosaccharide (XOS) were prepared, and their cal-
cium absorption promoting activity was investigated in the Caco-2 cell 
model. In addition, the osteogenesis effects and the underlying mecha-
nism of the prepared peptide-calcium chelates were evaluated in the 
MC3T3-E1 cell model. These results could provide theoretical support 
for the potential application of peptide-calcium chelates in bone 
metabolism. 

2. Materials and methods 

2.1. Materials 

Crimson Snapper scales were provided by Putian Haiyibai Co., Ltd. 
(Fujian, China). XOS, propidium iodide (PI), and transglutaminase 
(TGase) were purchased from Shanghai Yuanye Biological Technology 
Co., Ltd. (Shanghai, China). DMEM medium, α-MEM medium, Hank’s 
balanced salt solution (HBSS), non-essential amino acids, and penicillin/ 
streptomycin solution were purchased from Dalian Meilun Biotech-
nology Co., Ltd. (Dalian, China). Fetal bovine serum (FBS) was pur-
chased from NEWZERUM Ltd. (Christchurch, New Zealand). 
β-glycerophosphate was the product of Sigma Aldrich (St. Louis, Mis-
souri, USA). DKK 1 was the product of APExBIO Technology LLC 
(Houston, USA). Caco-2 cells and MC3T3-E1 cells were obtained from 
BeNa Culture Collection (Kunshan, China). Alkaline phosphatase (ALP), 
osteocalcin (OCN), and type I collagen (Col-I) enzyme-linked immuno-
sorbent assay (ELISA) kits were the products of Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). Fluo-3AM was purchased 
from Beyotime Biotechnology Co., Ltd. (Shanghai, China). All other 
chemicals and reagents were of analytical grade and commercially 
available. 

2.2. Preparation of crimson snapper scales protein hydrolysates 

The scales were dispersed in distilled water (4%, m/V) and auto-
claved for 60 min. Before the addition of flavourzyme (E:S = 1:25), the 
pH value of the mixture was adjusted to 6.30. After being hydrolyzed at 
50 ◦C for 9 h, the hydrolysate was immersed in boiling water for 10 min 
to inactivate the enzyme. The degree of hydrolysis was 18.21% by 
formaldehyde titration (Li et al., 2012). Subsequently, the mixture was 
centrifuged at 10,000 rpm for 20 min, and then the supernatant was 
collected and freeze-dried. The resulting powder was identified as 
CSPHs. 

2.3. Preparation of glycosylated peptide copolymers by TGase 

The mass ratio of XOS to CSPHs was 1:0.85, and the total concen-
tration was 30 mg/mL by adding distilled water. Before adding TGase 
(E:S = 1:10) to the mixture, the pH value of the solution was adjusted to 
6.00. Then, the mixture solution was stirred in a water bath for 1.5 h at 
40 ◦C. After that, the complete solution was heated at 95 ◦C for 10 min to 
inactivate the enzyme. Then, the solution was cooled to room temper-
ature, put into a dialysis bag, and dialyzed at 20 ◦C for 24 h (Zhao et al., 
2014). Finally, the resulting product was lyophilized. The grafting de-
gree of the freeze-dried powder was 55.62%, calculated by the 
ortho-phthalaldehyde (OPA) method (Pirestani et al., 2017), and was 
named XOS-CSPHs-TG. 

CSPHs and XOS-CSPHs-TG were respectively dispersed in distilled 
water to a concentration of 20 mg/mL (pH 7.50). Solid CaCl2 was added 
to obtain a samples/CaCl2 mixture with a mass ratio of 5:1. Then, the 
mixtures were held at 30 ◦C for 20 min. To obtain CSPHs and XOS- 
CSPHs-TG calcium chelates, anhydrous ethanol was added to the mix-
tures and centrifuged at 10,000 rpm for 20 min. After the precipitates 
were lyophilized, their calcium-binding rate was determined to be 
87.43% and 91.29%, according to the method of Zhang, Lin and Wang 
(2018b), respectively, which were defined as CSPHs-Ca and 
XOS-CSPHs-Ca-TG. 

2.4. Properties and structural characterization of calcium chelating 
peptides 

2.4.1. Inhibition of calcium phosphate crystallization 
Each of CSPHs and XOS-CSPHs-TG (20 mg) was dissolved in 2 mL of 

0.8 M CaCl2 solution (pH 7.00) and maintained at 37 ◦C for 5 min, 
respectively. Subsequently, 0.008 M NaH2PO4 (200 mL) was added to 
the solution. The decreasing pH of the solution was recorded every 5 min 
for 30 min. Distilled water was used as blank control and EDTA as a 
positive control. 

2.4.2. Simulated gastrointestinal digestion experiments 
The prepared 1 mg/mL pepsin solution (pH 2.00) and 1 mg/mL 

pancreatin solution (pH 7.00) were used to simulate the gastric and 
intestinal fluid. CSPHs-Ca and XOS-CSPHs-Ca-TG were dissolved in 
distilled water (0.5 mg/mL), respectively, and the pH of the solutions 
was adjusted to 2.00. After that, 1 mg/mL pepsin solution was added to 
make the mass ratio of enzyme to chelates 1:50 and was subsequently 
magnetic stirred at 37 ◦C for 2 h. Then, the solution was adjusted to pH 
7.00 and added with 1 mg/mL trypsin solution to make the mass ratio of 
enzyme to sample 1:25, followed by maintaining at 37 ◦C for 2 h with 
magnetic stirring. During which, 1 mL of solution was taken out every 
30 min to calculate the calcium ions retention rate as follows: 

The calcium retention profile (%)=
M0

M
× 100% (1) 

M (g) was the total calcium content in samples, and M0 (g) was the 
calcium content in samples. 
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2.4.3. Fourier transform infrared spectroscopy (FTIR) 
FTIR images were obtained from lyophilized samples (1 mg) with 

KBr (100 mg). The FTIR spectra were recorded by an infrared spectro-
photometer (Nicolet is50, Thermo Fisher Scientific Co., Ltd, Massachu-
setts, USA) from 4000 to 400 cm− 1. 

2.4.4. Scanning electron microscopy (SEM) 
The microstructures of the complexes were observed by SEM (Helios 

G4 CX, FEI Czech Republic S.R.O., Cernovická Terasa, Czech Republic). 
The different lyophilized samples were smeared onto an aluminium 
plate with double-sided adhesive carbon tape and operated at a voltage 

Fig. 1. Characterization of the structure and properties of CSPHs-Ca and XOS-CSPHs-Ca-TG. (A) Inhibition of calcium phosphate crystallization. (B) Calcium 
retention profile. (C) Fluorescence spectrum. (D) XRD patterns. (E) Scanning electron microscope (SEM) image at 2000 × magnification. (F) Fourier transform 
infrared spectrogram (FTIR). 

Fig. 2. The absorption promoting effect of CSPHs-Ca and XOS-CSPHs-Ca-TG. (A) Effects on promoting calcium absorption. (B) Effects on calcium transport across 
Caco-2 monolayers. Different lowercase letters mean a significantly different, p < 0.05. “*” represents p<0.05, “ns” represents p>0.05. 

Fig. 3. Effects of CSPHs-Ca (A) and XOS-CSPHs-Ca-TG (B) on the viability of MC3T3-E1 cells. Different letters mean a significantly different, p<0.05. “*” repre-
sents p<0.05. 
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of 15 kV. Micrographs at 2000 × magnification for subsequent analysis. 

2.4.5. Fluorescence spectroscopy analysis 
The changes in intrinsic fluorescence were analyzed according to the 

method of Cai et al. (2015) by a fluorescence spectrometer (Fluo-
romax-4c-l, Horiba instrument Inc, Piscataway, New Jersey, USA). 
CSPHs, CSPHs-Ca, XOS-CSPHs-TG, and XOS-CSPHs-Ca-TG were dis-
solved to 100 μg/mL with deionized water (pH 7.00). The fluorescence 
spectra were measured at 290–500 nm emission wavelength and 280 nm 
excitation wavelength, and the slit was 5 nm. 

2.4.6. X-ray diffraction (XRD) 
The crystal states of CaCl2, XOS-CSPHs-MR, and XOS-CSPHs-Ca-MR 

were analyzed according to the method of Feng et al. (2022) by an 
X’pert3 and Empyrean diffractometer (Panalytical, Almelo, 
Netherlands). Samples were swept continuously over a 2θ range of 
2–75◦ at 4◦/min speed. 

2.5. Study on calcium absorption promoting activity 

2.5.1. Caco-2 cell culture and calcium uptake assay 
Caco-2 cells were maintained in DMEM supplemented with 20% (V/ 

V) FBS, 1% non-essential amino acids, and 1% penicillin/streptomycin 
at 37 ◦C with 5% CO2. After reaching 90% confluence, the cells were 
seeded in 12-well culture dishes (Corning Costar, New York, USA). After 
incubation for 48 h, cells were treated with CSPHs-Ca and XOS-CSPHs- 
Ca-TG (2–8 mg/mL) for 2 h, respectively. Subsequently, 100 μL Fluo- 
3AM (5 μM) was added to each well and incubated at 37 ◦C for 1 h. 

Then, 1 mL of HBSS was added to each well and incubated for 30 min. 
After detached and resuspending with HBSS, the intracellular calcium 
concentration [Ca2+]i of the cells was detected by flow cytometry (BD 
AccuriC6 Plus, BD Bioscience, New Jersey, USA). 

2.5.2. Calcium transport assay 
Caco-2 cells were seeded on 12-well millicell cell culture inserts (0.4 

μm pore size, 12 mm diameter, Corning Costar, New York, USA) for 21 d. 
The culture medium’s volume was 1.5 mL on the basal side and 0.5 mL 
on the apical side. To evaluate the tight junction permeability of Caco-2 
cell monolayer, transepithelial electrical resistance (TEER) values were 
checked using the Millicell ERS-2 system (Millipore Corporation, Mas-
sachusetts, USA). Cell monolayer with a TEER value exceeding 300 Ω 
cm− 2 was used for the calcium transport experiments. 4 mg/mL CSPHs- 
Ca and XOS-CSPHs-Ca-TG were added to the apical side, and then the 
calcium transport capacity across Caco-2 cell monolayers was measured 
after 2 h. Finally, the calcium content in the basal side was determined 
by inductively coupled plasma-atomic emission spectroscopy (Lin et al., 
2020) (iCAP7400, Thermo Fisher Scientific, Massachusetts, USA). 

2.6. Study on osteogenic activity 

2.6.1. MC3T3-E1 cell culture and proliferation experiment 
MC3T3-E1 cells were maintained in α-MEM supplemented with 10% 

(V/V) FBS and 1% penicillin/streptomycin at 37 ◦C with 5% CO2. After 
reaching 90% confluence, the cells were detached and seeded in plastic 
cell culture clusters (Corning Costar, New York, USA). The α-MEM 
containing 10 mM β-glycerophosphate and 50 μg/mL ascorbic acid 

Fig. 4. Effects of CSPHs-Ca and XOS-CSPHs-Ca-TG on the differentiation of MC3T3-E1 cells. (A) Alkaline phosphatase (ALP) activity. (B) Osteocalcin (OCN) 
secretion. (C) Type I collagen (Col-I) secretion. Different lowercase letters mean a significantly different, p < 0.05. “***” represents p<0.001, “**” represents p<0.01. 
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(osteogenic differentiation medium) was used to induce cell differenti-
ation. After 24 h incubation, cells were treated with CSPHs-Ca and XOS- 
CSPHs-Ca-TG (25–400 μg/mL) for 24–72 h, respectively. Then the cell 
viability of CSPHs-Ca and XOS-CSPHs-Ca-TG on MC3T3-E1 cells was 
determined by MTT assay (Wang et al., 2018a). 

2.6.2. Cell cycle analysis 
MC3T3-E1 cells were treated with CSPHs-Ca and XOS-CSPHs-Ca-TG 

(100, 200, 400 μg/mL) for 48 h. The cells were collected by centrifu-
gation and fixed with 70% precooled ethanol. 300 μL PI (100 μg/mL) 
staining solution was added to each tube and stained at 37 ◦C for 20 min. 
Then, the fluorescence signal was detected by flow cytometry (BD 
AccuriC6 Plus, BD Bioscience, New Jersey, USA). The cell cycle was 
analyzed by ModFit LT software (Verity Software House Inc, Topsham, 
ME). 

2.6.3. ALP enzyme assay 
MC3T3-E1 cells were cultured with an osteogenic differentiation 

medium in the presence of chelates (100, 200, and 400 μg/mL) or DKK 1 
(Wnt/β-catenin signal pathway inhibitors) for 7 d and 14 d. After indi-
cated treatment, cells were lysed by repeated freezing and thawing. The 

lysates were then sonicated in an ice bath for 5 min and centrifuged at 
12,000 rpm for 20 min at 4 ◦C. The intracellular ALP activity and the 
total protein content were measured, and the measured intracellular 
ALP activity was standardized by protein concentration. 

2.6.4. Measurements of OCN and Col-I secretions by ELISA 
MC3T3-E1 cells were cultured with an osteogenic differentiation 

medium in the presence of chelates for 7 d or 14 d. After differentiation, 
the supernatants were harvested to determine OCN and Col-I secretions, 
respectively. 

2.6.5. Mineralization assay 
MC3T3-E1 cells were seeded in 6-well plates (Corning Costar, New 

York, USA) and cultured with an osteogenic differentiation medium 
with chelates or DKK 1 for 21 d. After cultivation, the cells were fixed in 
4% (V/V) paraformaldehyde for 10 min. Cells were then stained with 
Alizarin Red S (pH 4.2, Sigma Aldrich, St. Louis, Missouri, USA) at room 
temperature for 30 min. After staining, the wells were washed with 
distilled water to remove the unbound dye, and staining was visualized 
using microscopy (Ts2, Nikon Instruments Co., Ltd., Tokyo, Japan). To 
quantify the bound dye, the cells were destained with 10% (V/V) 

Fig. 5. Effects on mRNA expression of Wnt3a (A), LRP5 (B), GSK-3β (C), β-catenin (D), Runx2 (E), and OPG (F) related to Wnt/β-catenin pathway. Different case 
letters mean a significantly different, p<0.05. “***” represents p<0.001, “**” represents p<0.01, “*” represents p<0.05. 
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cetylpyridinium chloride (Shanghai Yuanye Biological Technology Co., 
Ltd., Shanghai, China) in the dark for 1 h. The solubilized Alizarin Red S 
concentration was measured at 570 nm using a microplate reader 
(SpectraMax iD3, Molecular Devices Instrument Co., Ltd., Sunnyvale, 
USA). 

2.6.6. Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) 
analysis 

The MC3T3-E1 cells were treated with an osteogenic differentiation 
medium with chelates and DKK 1 for 7 d, respectively. Afterward, total 
RNA was extracted from cells using an RNA preparation pure cell kit 
(Tiangen Biotechnology Co., Ltd., Beijing, China) and further reverse- 
transcribed into cDNA using a supermax RT reagent kit with a gDNA 
eraser (Tansgen Biotech Co., Ltd., Beijing, China). RT-qPCR was per-
formed on a real-time PCR system (Bio-Rad Laboratories, California, 
USA) after adding the primers and SYBR green I to cDNA. The sequences 
of the primers were shown in supplemental materials Table S1. 

2.7. Statistical analysis 

All experiments were performed in triplicate, and the resulting 
values were expressed as means ± standard deviations (SD) and 
analyzed by one-way analysis of variance (ANOVA) using SPSS 22.0 
software (SPSS Inc., Chicago, USA). 

3. Results and discussion 

3.1. Properties characterization 

The small molecular weight polypeptides produced by enzymatic 
hydrolysis of proteins have excellent mineral absorption promoting ac-
tivity and gastrointestinal stability in vitro (Sun et al., 2020). Calcium ion 
is easy to form insoluble calcium salt with phosphoric acid, phytic acid, 
and oxalic acid in the intestine, affecting the bioavailability of calcium 
(Gao et al., 2018b). In the precipitation reaction of Ca2+ and PO4

3− , 
H2PO4− and HPO4

2− released a lot of H+; thus, the decreasing pH value 
can be used to estimate the content of calcium phosphate crystals (Zhu 
et al., 2020). The pH value of the control group dropped most rapidly 
(Fig. 1A). With the addition of CSPHs, the pH value decreasing rate was 
slower, implying that calcium phosphate crystallization was inhibited. 
Notably, the effects of XOS and XOS-CSPHs-TG group were superior to 
CSPHs, which was very close to the effect of EDTA within 10 min of the 
reaction, indicating that XOS-CSPHs-TG virtually prevented calcium 
from forming insoluble calcium phosphate. Therefore, it is vital to 
introduce XOS to form copolymers with CSPHs to improve the 
calcium-binding ability and further enhance their ability to hinder cal-
cium phosphate crystallization. 

After gastrointestinal digestion, CSPHs-Ca and XOS-CSPHs-Ca-TG 
released a tiny amount of calcium ions, indicating that calcium ions 

Fig. 6. Effects of Wnt/β-catenin signaling pathway inhibitor DKK 1 on the differentiation of MC3T3-E1 cells. MC3T3-E1 cells were preincubated with various 
concentrations of DKK 1 for 30 min, followed by CSPHs-Ca and XOS-CSPHs-Ca-TG stimulation. Different lowercase letters mean a significantly different, p<0.05. 
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enter the intestine in the form of soluble chelates, thereby increasing the 
overall absorption of calcium (Fig. 1B) (Lin et al., 2020). Similarly, Gao 
et al. (2018b) found that combining soluble dietary fiber (SDF) with CPP 
could avoid CPP degradation in the stomach and ensure that CPP 
bonded to calcium ions so that as many calcium ions could be absorbed 
in the intestine as possible. 

3.2. Structural characterization 

Aromatic amino acids such as tryptophan, tyrosine, and phenylala-
nine can generate endogenous fluorescence at specific excitation 
wavelengths, and the changes in fluorescence intensity can be used to 
study the conformational changes of peptides and their interactions with 
small molecules such as metal ions (Wang et al., 2021). As shown in 
Fig. 1C, the fluorescence intensity of CSPHs at 300–320 nm significantly 
decreased after being conjugated with XOS. Besides, after chelation with 
Ca2+, the fluorescence intensity of the chelate further decreased 
compared to the corresponding peptides/XOS-peptides, possibly due to 
the formation of the peptides-Ca complex, which disrupted the conju-
gated double bond of CSPHs and produced substituent effect. Previous 
studies have shown that the chelation of metal ions with peptides can 
lead to endogenous fluorescence quenching, resulting from structural 
folding and aggregation of peptides during chelation (Cai et al., 2015; 
Lin et al., 2020). The decreased fluorescence intensity proved that 
CSPHs folded and aggregated in the glycosylation and chelation reaction 
with XOS and Ca2+. In addition, the emerged fluorescence peak of 
XOS-CSPHs-Ca-TG at 400–450 nm indicated the formation of glycosyl-
ation products (Wang et al., 2021). 

As shown in Fig. 1D, there were many crystal diffraction peaks in the 
diffraction patterns of CaCl2 at certain angles, but no obvious crystal 
diffraction peaks were observed in the patterns of CSPHs, CSPHs-Ca, 
XOS-CSPHs-TG, and XOS-CSPHs-Ca-TG. Thus, it could be seen that 
CSPHs and XOS-CSPHs-TG were not simply mechanically mixed with 
CaCl2 (Wang et al., 2018b). In addition, compared with CSPHs spectra, 
the peak positions and peak intensities of the spectra of other substances 
had changed significantly, indicating that new chemical complexes had 
been formed after glycosylation and chelation reactions (Lin et al., 
2019). 

As shown in Fig. 1E, CSPHs-Ca was spherical and connected precisely 
to form a grape cluster with a rough surface, possibly due to the cross- 
linking interaction effect induced by Ca2+ (Chen et al., 2014; Zhu 
et al., 2020). Moreover, XOS-CSPHs-Ca-TG was also precisely linked 
together, the shape was more uniform and smaller, and the surfaces 
became smooth, which indicated that XOS could wrap CSPHs-Ca while 
XOS-CSPHs-Ca-TG could be well combined through covalent bonds. 
Therefore, it could be confirmed that the glycosylation reaction has 
effectively optimized the CSPHs-Ca structure (Wu et al., 2017). 

To clarify the structural changes caused by glycosylation and che-
lation, the FTIR spectra of the samples were compared and analyzed 
(Fig. 1F). The stretching vibration absorption peak of –OH and N–H is 
3427.64 cm− 1 and 2909.74 cm− 1, respectively, the interval of which is 
the characteristic peak of XOS (Sudha et al., 2011). The characteristic 
peaks of saccharides in XOS-CSPHs-TG and XOS-CSPHs-Ca-TG were 
broader and stronger than those in CSPHs and CSPHs-Ca, which indi-
cated that different glycosylation products were formed. The stretching 
vibration of C––O caused amide I brand (Miller et al., 2013). After 
chelating with Ca2+, the absorption peak of CSPHs shifted from 1653.68 
cm− 1 to 1666.70 cm− 1; after glycosylation, the absorption peak also 
shifted accordingly. Meanwhile, the absorption peak of about 1640 
cm− 1 was caused by the stretching vibration of –COO– (Wang et al., 
2017). Therefore, C––O and –COO– also play an essential role in the 
covalent binding reaction. Moreover, compared with CSPHs-Ca and 
CSPHs, glycosylation products showed the shift of absorption peak and 
the change of intensity at 1200-1000 cm− 1, indicating that there were 
more –OH in the copolymer (Geng et al., 2014). Results showed that the 
TGase could bind XOS to CSPHs. It could be inferred that the amino 
nitrogen atom, carboxyl oxygen atom, hydroxyl, and carbonyl oxygen 
atom might be the primary interaction sites of CSPHs and 
XOS-CSPHs-TG with Ca2+ (Gao et al., 2018b; Lin et al., 2020; Zhu et al., 
2020). 

3.3. Effects on calcium absorption in Caco-2 cells 

Since the chelation reaction is a rapid process, the polypeptides used 
in this study were premixed with calcium ions to form a chelating so-
lution to act on the cells directly (Hobbs et al., 2001; Lin et al., 2020). As 

Fig. 7. Possible mechanism of CSPHs-Ca and XOS- 
CSPHs-Ca-TG promoting osteoblast proliferation, 
differentiation, and mineralization (left: inhibited; 
right: activated). In the presence of CSPHs-Ca and 
XOS-CSPHs-Ca-TG, Wnt activates the FRZ/LRP5/6 
complex and subsequently promotes the expression of 
Dvl, therefore, leading to the phosphorylation and the 
degradation of the β-catenin destruction complex, 
including GSK-3β, APC, and AXIN. The translocation 
of β-catenin from the cytoplasm to the nucleus func-
tions as a transcriptional co-activator with TCF 
enhancer LEF and then regulates the target genes, 
such as Runx2 and OPG. In the presence of the in-
hibitor DKK1, Wnt signals are suppressed. In the 
absence of the Wnt ligand, the destruction complex of 
β-catenin, a tertiary complex formed by AXIN, CK1, 
GSK3β, and APC, phosphorylates β-catenin, which 
subsequently undergoes the ubiquitin-proteasomal 
degradation.   
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shown in Fig. 2A, CSPHs-Ca and XOS-CSPHs-Ca-TG significantly 
improved calcium absorption in the Caco-2 cell model (p<0.05). 
Meanwhile, 8 mg/mL CSPHs-Ca and XOS-CSPHs-Ca-TG enhanced the 
calcium absorption by 109% and 113%, respectively, compared with the 
CaCl2 group (p<0.05), and the effects of which on calcium absorption 
were equivalent (p>0.05). However, whether CSPHs-Ca and 
XOS-CSPHs-Ca-TG play the same role in promoting calcium absorption 
needs further study. Similarly, results were also found on fish scale 
protein hydrolysate (Lin et al., 2020), soybean hydrolysate (Lv et al., 
2008), and tilapia bone collagen hydrolysate (Liao et al., 2020), indi-
cating that calcium-chelating peptide was interacting with the plasma 
membrane as a calcium carrier to increase calcium influx, thus pro-
moting calcium uptake (Hou et al., 2015; Lin et al., 2020). 

The absorption of calcium ions across intestinal epithelium mainly 
includes two modes: paracellular transport and transcellular transport 
(Sun et al., 2016). When treated with 4 mg/mL and 8 mg/mL CSPHs-Ca, 
the calcium transport of CSPHs-Ca was 2.51 and 2.74 folds higher than 
that of the control group, respectively (Fig. 2B) (p<0.05). There was no 
significant difference between them (p>0.05), implying that the calcium 
transport of CSPHs-Ca was saturable. It suggests that the transcellular 

transport might be involved in CSPHs-Ca to facilitate calcium absorp-
tion, which contrasts with the previous reports showing that the para-
cellular pathway is one of the main pathways of calcium transport across 
Caco-2 cell monolayer in the presence of peptide-calcium chelates (Sun 
et al., 2016). With the increase of XOS-CSPHs-Ca-TG concentration, 
calcium transport increased significantly dose-dependent (p<0.05). 
While in the presence of 8 mg/mL XOS-CSPHs-Ca-TG, calcium transport 
was 3.54 folds higher than in the control group (p<0.05). Therefore, the 
main pathway of the XOS-CSPHs-Ca-TG encouraging calcium absorption 
in cell monolayer may differ from that of CSPHs-Ca, and it should be the 
paracellular cell pathway (Liao et al., 2020). Notably, after glycosyla-
tion, the calcium transport capacity of XOS-CSPHs-Ca-TG was remark-
ably higher than that of XOS and CSPHs (p<0.05), indicating that 
glycosylation is an effective means to enhance the calcium absorption of 
peptide-calcium chelate. 

3.4. Effects on the proliferation of MC3T3-E1 cells 

The proliferation process of pre-osteoblasts is the premise of forming 
new bone in bone tissue, which is also the critical process affecting bone 

Fig. 8. Effects on mineralized nodules of MC3T3-E1 cells. (A) Alizarin red S staining. (B) Quantitative analysis. Scale bar: 100 μm. Different lowercase letters mean a 
significantly different, p<0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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anabolism in the body (Kenichi et al., 1998). The MC3T3-E1 cells model 
was used to assess the osteogenic activity of peptide-calcium chelates in 
vitro. As shown in Fig. 3, the cell viability of MC3T3-E1 cells was 
remarkably up-regulated to about 120%–155% after being cultured for 
24–72 h in CSPHs-Ca and XOS-CSPHs-Ca-TG. As shown in supplemental 
materials Table S2, when treated with CSPHs-Ca and XOS-CSPHs-Ca-TG, 
the G0/G1 phase ratio decreased immensely, while the ratio of the S 
phase increased (p<0.05). Meanwhile, compared with CSPHs-Ca, 
XOS-CSPHs-Ca-TG had a more notable cell cycle stimulation effect 
(p<0.05). Altogether, the proliferation of MC3T3-E1 cells stimulated by 
CSPHs-Ca and XOS-CSPHs-Ca-TG was related to the regulation of the 
cell cycle, which accelerated the transformation from the G0/G1 phase 
to the S phase, advanced DNA synthesis, and thus boosted cell prolif-
eration (Liu et al., 2014). 

3.5. Effects on ALP activity in MC3T3-E1 cells 

ALP is an external enzyme of osteoblasts, and its expression activity 
is a remarkable feature of osteoblast differentiation (Jie et al., 2018). As 
shown in Fig. 4A, ALP activity of MC3T3-E1 cells treated with CSPHs-Ca 
and XOS-CSPHs-Ca-TG was significantly higher than that of the control 
group (p<0.05), and the ALP activity were highest in XOS-CSPHs-Ca-TG 
groups. That might be because XOS-CSPHs-Ca-TG contains more hy-
droxyl groups after glycosylation, which could better interact with 
MC3T3-E1 cell surface receptors, the “external-internal signal” on 
MC3T3-E1 cells (Jie et al., 2018). In other words, more hydroxyl groups 
in XOS-CSPHs-Ca-TG enhance cell interaction and trigger signal con-
version, thereby stimulating cell differentiation through 
receptor-mediated mechanisms (Jie et al., 2018; Liu et al., 2013). 
Interestingly, it takes almost 6 d for MC3T3-E1 cells to differentiate into 
mature osteoblasts. The ALP activity in all groups on day 14 was lower 
than on day 7, which might be because ALP is an early phenotypic 
marker during osteoblast differentiation (Wang et al., 2012). As the 
differentiation time is prolonged, ALP might catalyze the hydrolysis of 
bone phosphate monoester to provide inorganic phosphates, which bind 
to calcium to regulate bone metabolism and mineralization (Jie et al., 
2018). 

3.6. Effects on OCN and Col-I secretion in MC3T3-E1 cells 

OCN and Col-I are biochemical markers of bone metabolism (Liu 
et al., 2017). OCN is necessary for osteoblasts to regulate the process of 
mineralization, and Col-I is the major protein in the bone matrix, syn-
thesized by osteoblasts and involved in differentiation (Willett et al., 
2014). After 7 d of differentiation, the secretion of OCN and Col-I in 
MC3T3-E1 cells treated with CSPHs-Ca and XOS-CSPHs-Ca-TG was 
significantly higher than that of the control group (p<0.05) (Fig. 4B–C). 
After 14 d of differentiation, the content of OCN and Col-I in all treat-
ment groups continued to increase concentration-dependent (p<0.05). 
Moreover, the cells treated with XOS-CSPHs-Ca-TG had higher secretion 
(p<0.05). It suggests that CSPHs-Ca and XOS-CSPHs-Ca-TG could 
enhance OCN and Col-I secretion in osteoblasts and further promote 
differentiation of osteoblasts in early and mature stages (Liu et al., 
2017). 

3.7. Effects on mRNA expression of Wnt/β-catenin pathway-related 
factors 

The canonical Wnt signaling pathway is essential in regulating bone 
homeostasis, which controls the proliferation and differentiation of 
osteoblastic precursors and maintains mature osteoblasts (Wu et al., 
2019). It was known that Wnt3a could activate the canonical Wnt 
signaling pathway (Ikehata et al., 2017). Wnt3a promotes Dishevelled 
(DVL) expression by activating the Frizzled/LRP5/6 complex, which 
leads to the phosphorylation and the degradation of the β-catenin 
destruction complex (including glycogen synthase kinase 3β (GSK-3β), 

adenomatous polyposis coli (APC), and Axis inhibition protein (AXIN)) 
(Hwang et al., 2009). Subsequently, the translocation of β-catenin from 
the cytoplasm to the nucleus functions as a transcriptional co-activator 
with T cell factor enhancer lymphoid enhancer factor (TCF/LEF) and 
then regulates the target genes, such as Runt-related transcription factor 
2 (Runx2) and osteoprotegerin (OPG), both key transcription factors 
associated with the expression with osteoblast differentiation (Hwang 
et al., 2009; Wu et al., 2019). As shown in Fig. 5, compared to the control 
group, the mRNA expression of Wnt3a, LRP5, β-catenin, Runx2, and 
OPG was significantly increased after being treated with CSPHs-Ca and 
XOS-CSPHs-Ca-TG (p<0.05), while the expressions level of GSK-3β was 
gradually inhibited dose-dependent. Meanwhile, the XOS-CSPHs-Ca-TG 
has a more significant effect (p<0.05). That evidence strongly suggests 
that glycosylated peptide-calcium chelate plays a positive role in 
osteogenesis. 

To confirm that the canonical Wnt signaling pathway is a stimulator 
and regulator of osteogenesis, the cells were incubated with DKK 1 
(binds to LRP5/6 co-receptor and inhibits canonical Wnt/β-catenin 
signaling) before being treated with CSPHs-Ca and XOS-CSPHs-Ca-TG. 
As shown in Fig. 6, pretreatment with DKK 1 reduced ALP activity 
(Fig. 6A) and mRNA expression level of osteogenic transcription factor 
stimulated by CSPHs-Ca and XOS-CSPHs-Ca-TG to the control level 
(Fig. 6B–E) (p<0.05). To sum up, the Wnt/β-catenin signaling pathway 
regulates the differentiation of MC3T3-E1 cells stimulated by CSPHs-Ca 
and XOS-CSPHs-Ca-TG (Fig. 7). 

3.8. Effects on mineralized nodules of MC3T3-E1 cells 

Mineralization is the last step of osteoblast differentiation, directly 
reflecting osteogenesis’s degree (Jie et al., 2018). The calcium ions in 
the mineralized nodule are a dark red color after complexation with 
alizarin red S, and its absorbance is directly proportional to the amount 
of calcium deposition (Wu et al., 2020). Compared to the control group, 
both treatments in 400 μg/mL could produce a small number of 
mineralized nodules, while XOS-CSPHs-TG had a more significant effect 
(p<0.05) (Fig. 8A). After adding 400 ng/mL DKK 1, the number of 
mineralized nodules in each treatment group decreased significantly, 
which was still slightly higher than that in the control group (p<0.05) 
(Fig. 8A–B). When 4 mM CaCl2 was premixed with 400 μg/mL CSPHs 
and XOS-CSPHs-TG to form chelates, the number of mineralized nodules 
increased significantly, and the XOS-CSPHs-Ca-TG had a more signifi-
cant effect (p < 0.05) (Fig. 8B). It could be explained by the fact that the 
calcium-binding capacity of the XOS-CSPHs-Ca-TG was better than 
CSPHs-Ca (data not shown), which could provide more calcium ions and 
higher-density nucleation sites for the formation of minerals, leading to 
reduced interfacial energy generated by minerals, in turn, promote the 
mineralization process (Jie et al., 2018; Wu et al., 2020). Thus, 
CSPHs-Ca and XOS-CSPHs-Ca-TG regulate the proliferation, differenti-
ation, and mineralization of MC3T3-E1 cells by activating the 
Wnt/β-catenin signaling pathway. 

4. Conclusions 

In this study, the structural properties and osteogenic activity of 
glycosylated peptide-calcium chelate were firstly investigated. 
Compared with CSPHs-Ca, the XOS-CSPHs-Ca-TG had better calcium 
phosphate crystallization inhibition activity with more unified struc-
tures. The formation of XOS-CSPHs-Ca-TG avoided digestion in the 
stomach and dramatically improved the calcium transport efficiency in 
the Caco-2 cell monolayer. Moreover, XOS-CSPHs-Ca-TG showed 
excellent osteogenic activity, which could effectively promote the pro-
liferation, differentiation, and mineralization of MC3T3-E1 cells, and 
this beneficial effect of XOS-CSPHs-Ca-TG was achieved by activating 
the Wnt/β-catenin signaling pathway. Thus, XOS-CSPHs-Ca-TG plays a 
pivotal role in improving/preventing osteoporosis and can be used as a 
functional food ingredient to prevent bone metabolism-related diseases. 
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Abbreviations 

ALP alkaline phosphatase 
APC adenomatous polyposis coli 
AXIN adenomatous polyposis coli 
CK1 casein kinase 1 
Col-I type I collagen 
CSPHs crimson snapper scales protein hydrolysates 
Dvl dishevelled 
FBS Fetal bovine serum 
GSK-3β glycogen synthase kinase 3β 
HBSS Hank’s balanced salt solution 
LEF lymphoid enhancer factor 
LRP5/6 LDL-receptor-related protein 5/6 
OCN osteocalcin 
OPA ortho-phthalaldehyde 
OPG osteoprotegerin 
PI propidium iodide 
Runx2 Runt-related transcription factor 2 
TCF T cell factor 
Tgase transglutaminase 
XOS xylooligosaccharides 
XRD X-ray diffraction 
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