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ABSTRACT Phosvitin (PV) from egg yolk is an
excellent substrate for the production of phosphopep-
tides, which have a strong calcium chelating capacity
and promoting calcium absorption and bone minerali-
zation. This study investigated the effect of PV hydro-
lysates produced using a effective preparation method
(high temperature (121°C) and mild pressure (0.1 MPa),
HTMP) or HTMP pretreatment and trypsin hydrolysis
combination (HTMP-PV18) on the physiology of an
osteoblast MC3T3-E1 cells line. The proliferation,
apoptosis, and differentiation of MC3T3-E1 cells were
analyzed using the CCK-8, flow cytometry, and

RT-PCR reactions, respectively. Both the HTMP-PV
and HTMP-PV18 increased the proliferation, and
inhibited the apoptosis of MC3T3-E1 cells significantly.
The HTMP-PV increased the proliferation of MC3T3-
E1 cells by 147.12 = 2.11% and the HTMP-PV18 by
136.43 = 4.51%. In addition, the HTMP-PV and HTMP-
PV18 effectively promoted the expression of genes
related to the OPG/RANKL signaling channel during
cell differentiation. This indicated that both the HTMP-
PV and HTMP-PV18 have the potential to promote
bone mineralization by improving the proliferation and
differentiation of osteoblastic cells.
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INTRODUCTION

Osteoporosis is a common skeletal disease in elderly
women and causes a decrease in bone density that results
in bone fractures (Woo et al., 2009). It is mainly caused by
the imbalance between the bone calcium absorption and
loss, where the osteoclastic activity is higher than the oste-
oblastic, although the loss of other elements such as
phosphorus, magnesium, manganese are also involved
(An et al., 2016). Therefore, the best treatment for osteo-
porosis is inhibiting the activity of osteoclastic cells while
promoting the differentiation of the osteoblastic cells.
The differentiation of osteoblastic cells can be modulated
through several signaling pathways (i.e., BMP-SMAD,
Wnt/B-catenin, and OPG/RANKL pathways). The
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bone morphogenetic protein-2 (BMP-2), a local growth
factor, induces bone tissue formation and repair at the
site of the fracture damages (Wang et al., 2014). Osteopro-
tegerin (OPG) inhibits the formation, differentiation, and
survival of osteoclasts, and induces the apoptosis of osteo-
clasts. The receptor activator of nuclear factor-kB ligand
(RANKL) is a factor required for the differentiation pro-
cess of osteoclasts. However, when the OPG and RANKL
are combined, they can inhibit the formation and activa-
tion of osteoclasts indirectly (Xia et al., 2015). The
OPG/RANKL ratio is a critical signaling pathway that
regulates the differentiation of osteoblasts. In this
pathway, the expression of OPG and RANKL could be
regulated by various factors, but an increase in the ratio
of OPG/RANKL inhibits the function of osteoclast
(Wuet al., 2017). Liet al. (2012) found that echinacoside,
a natural phenol, could promote the proliferation and dif-
ferentiation of osteoblasts by upregulating the rate of
OPG/RANKL. Osteoporosis brings a great deal of incon-
venience to the patients and generates physical and psy-
chological pains. The bones of osteoporotic patients are
fragile, and can be fractured easily. Once a patient has
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fractured bones, they not only damage the health but also
can be even life-threatening (Lunenfeld and Stratton,
2013). The treatment for osteoporosis is slow, and thus
the prevention of osteoporosis is more important than
the treatments. Many kinds of drugs are available to treat
osteoporosis, but they generally have certain side effects
and are not recommended for long-term use (Rachner
et al., 2011). Therefore, finding biologically active sub-
stances that are capable of preventing osteoporosis with
minimal side effects is important.

Bioactive peptides (BAP) are sequences of amino acids
that are inactive within an original protein, but display
specific physiological or biological activities in the body
once they are released by enzymatic hydrolysis (Mora
et al., 2014; Geng et al., 2017). The bioactive peptides
derived from food proteins are excellent candidates for
health-promoting agents because of their antioxidant,
mineral-binding, immunomodulating and anticancer ac-
tivities (Udenigwe and Aluko, 2012). Many studies have
shown that phosphoproteins play important roles in the
process of biomineralization because calcium binds to
phosphate groups of phosphoproteins and promote min-
eral absorption and crystallization (Kwak et al., 2009).
Jie et al. (2017) found that phosvitin, a major phospho-
protein in egg yolk, promoted the transformation of dical-
cium phosphate dihydrate to hydroxyapatite and induced
mineralization. Phosphopeptides derived from phospho-
proteins also have the potentials to promote biominerali-
zation. For example, casein phosphopeptides (CPP) are
well-known phosphopeptides from milk and are widely
used as a mineral absorption facilitator (Quarto et al.,
2018). The CPP significantly promoted the absorption
of calcium ions in the intestines and stomach of mice,
and also promoted the process of bone deposition
in vivo (Tsuchita et al., 2001). Donida et al. (2009) found
that CPP stimulated calcium uptake by human
osteoblast-like cells and upregulated the expression and
the activity of alkaline phosphatase in osteoblasts.

Currently, casein is exclusively used to produce phos-
phopeptides commercially because it is cheap, easy to
obtain (80% of total milk protein), and contains a few
phosphoserine residues (1-13) in their structure depend-
ing on the type. However, phosvitin has a much greater
number of phosphorylated amino acids in its structure
than the casein. Phosvitin is composed of 217 amino
acid residues of which 124 are serine residues and more
than 90% of the serine residues in phosvitin are phosphor-
ylated (Anton et al., 2006). Therefore, phosvitin can be
an excellent source for phosphopeptide production with
a great variety. Phosvitin phosphopeptides (PPP) were
reported to have an ability to promote calcium and iron
absorption in the intestinal tract because they form solu-
ble calcium chelates instead of insoluble inorganic calcium
salts (Choi et al., 2005; Zhong et al., 2016). However, the
highly phosphorylated structure of phosvitin made it very
difficult to produce phosphopeptides (Byrne et al., 1984).
Over the years, various methods, including dephosphory-
lation (Mecham and Olcott, 1949), heat treatments, and
high-pressure treatment (Volk et al., 2012), have been
tested to improve the hydrolysis of phosvitin but with

only limited success. However, our recent study indicated
that high-temperature and mild pressure (HTMP) pre-
treatment and HTMP + enzyme combinations dramati-
cally improved the degree of hydrolysis (DH) of phosvitin
(Huang et al., 2019).

In this study, phosvitin was pretreated under HTMP
conditions to open the PV structure and help the subse-
quent trypsin hydrolysis. The phosphopeptides pro-
duced using the HTMP and HTMP + trypsin were
used to determine the effects of the phosphopeptides
on the proliferation, apoptosis, and differentiation of
osteoblastic MC3T3-E1 cells. The indices of cell prolifer-
ation activity such as the expression of BMP-2, OPG,
and RANKL mRNA were used to determine the effect
of PPP on the differentiation of the osteoblasts.

MATERIALS AND METHODS

Materials

Fresh eggs were purchased from the animal husbandry
institute of Hubei Academy of Agricultural Sciences.
The mouse pericranial bone-cell subclone 14 (osteoblastic
MC3T3-E1 cell) was purchased from Shanghai Cell Bank
of the Chinese Academy of Sciences (Shanghai, China).

Trypsin (E.C.3.4.4.4, ~15,500 U/mg protein),
phosphate-buffered saline (PBS) were all purchased
from the Sigma-Aldrich (St. Louis, MO); Tris-Tricine-
SDS-PAGE gel electrophoresis kit was from Google
Biology Limited (Wuhan, China); NaOH, HCI, ninhy-
drin, CaCl,, 4% paraformaldehyde and 0.1% Alizarin-
Red staining solution were all from Sinopharm Chemical
Reagent Co., Ltd. (Nanjing, China); Cell Counting Kit-8
(CCK-8) was bought from Beijing Zoman Biotechnology
Co., Ltd. (Beijing, China); 0.25% trypsin-EDTA were
obtained from GIBCO (Australia); TRIzol, oligo,
dNTPs, HiScript were all bought from Ambion (TX).

Pretreatment of Phosvitin

Phosvitin was prepared using the method of Lee et al.
(2014) and treated as described below in accordance
with the method of Huang et al. (2019) with some modifi-
cations: for the HTMP treatment, 10 mg/mL of phosvitin
was dissolved in distilled water, the pH was adjusted to
6.5, and then subjected to 121°C, 0.1 MPa (HTMP) for
30 min (HTMP-PV) using an autoclave (Primus Steril-
izer; Omaha, NE). Phosvitin was pretreated as described
in the HTMP treatment, and added trypsin (1/50
enzyme/protein ratio, w/w) at pH 8.0, then incubated
at 37°C for 18 h (HTMP-PV18). At the end of incubation,
the enzyme was inactivated by heating the solution in a
water bath at 100°C for 10 min, and then the hydrolysate
was lyophilized.

Molecular Weight Distribution of the PV
Hydrolysates

The molecular-size distribution of the phosvitin
hydrolysates was determined using a 16.5% Tris-Tri
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cine-SDS-PAGE gel electrophoresis. For the Tris-
Tricine-SDS-PAGE analysis, the lyophilized samples
were dissolved in distilled water at 2 mg/mL. The elec-
trophoresis was run for 1 h at 30 V, and then the voltage
was raised to 100 V and run until the bromophenol blue
reached the bottom of the gel. The gel was stained using
the Coomassie Brilliant Blue staining solution contain-
ing aluminum nitrate (0.1 mol) and then destained using
an acetic acid—methanol solution.

Degree of Hydrolysis and the Calcium
Chelation of PV and Its Hydrolysates

The DH of phosvitin hydrolysates (PV and HTMP-
PV) was determined using the ninhydrin method
(Chen and Ho, 1996). An aliquot of phosvitin hydroly-
sate (1 mL) was mixed with 1 mL of distilled water
and 1 mL of ninhydrin, and boiled in a water bath for
15 min to generate a color. Then the solution was added
with 5 mL of 40% ethanol and held for 15 min to measure
the absorbance at 570 nm using a spectrophotometer
(Beckman, Fullerton, CA).

The calcium chelation activity of the PV and HTMP-
PV was measured using the atomic absorption method
(Wang et al., 2018). Briefly, 1 mL of 0.1 mmol CaCl, so-
lution was mixed with 10 mL of 1 mg/mL sample solu-
tion and incubated at 65°C for 2 h. After alcohol
precipitation and centrifugation, the content of free cal-
cium (Cyp) in the supernatant was determined using an
atomic absorption spectrophotometer. To determine to-
tal calcium content (C;), 10 mL of distilled water was
mixed with 1 mL of 0.1 mmol CaCl, solution. After
centrifugation, the content of the total calcium (C;) in
the supernatant was determined.

(C—G)

100
c X 100%

Calcium chelating rate (%) =

Micromorphological Changes of the
Hydrolyzed Products and Calcium-Chelating
Peptides

About 2-4 mg of PV, HTMP-PV, or HTMP-PV18
powder was uniformly applied on a sample tray and
then spray-coated with gold. The processed sample was
placed on a scanning electron microscope, evacuated,
and then scanned at 100X and 3,000 X magnifications.
The conditions of the scanning electron microscope were
15 kV, 6.9 X 1072 mA, and 16.2 mm for pressure,
beam current, and working distance, respectively.

Structural Characteristics of Phosvitin and
Its Hydrolysates

Fluorescence spectroscopy was used to determine the
structural characteristics of phosvitin and its hydroly-
sates (Wu et al., 2020). The sample powder was dis-
solved in distilled water (1 mg/mL) and subjected to

an RF-5301 fluorescence spectrophotometer (Shimadzu
Corp, Japan). The excitation and the emission wave-
length were 280 and 300-500 nm, respectively, and the
slit width was 5 nm. The infrared spectrum of phosvitin
and its hydrolysate was recorded on the Perkin-Elmer
16 PC spectrometer (Boston, MA) at the wavelength
range of 400-4,000 cm ™! with a resolution of 4.0 cm™*
and a scan of 32 times.

Cells Proliferation and Apoptosis Assay

Cell culture was done in accordance with the method
of Jie et al. (2018). Four cell-culture media were pre-
pared: @ control (cell-culture medium with no protein);
@ phosvitin (cell-culture medium containing 100 pg/mL
PV); ® HTMP-PV (cell-culture medium containing
100 pg/mL HTMP-PV); and @ HTMP-PV18 (cells-cul-
ture medium containing 100 pg/mL HTMP-PV18).

The proliferation activity of MC3T3-E1 osteoblastic
cells was determined using the CCK-8 kit. The
osteoblastic cells were seeded on a 96-well plate with
1 X 10* cells/well and then incubated at 37°C for
24 h. The cells were cultured another 24 h after applying
the culture media prepared as above. The culture media
were then replaced with 150 pL of a solution prepared
with 9 mL culture medium +1 mL CCK-8, and the opti-
cal density was read using an Infinite M200 microplate
reader (Swiss TECAN) at 450 nm after 2 h of incubation
(Kim et al., 2014).

The apoptotic activity of MC3T3-E1 osteoblastic cells
was determined using the flow cytometry. After seeding
the cells (1 X 10° cells per well) on a 6-well plate, they
were incubated in a cell incubator for 24 h, and then
cultured for 24 h. The samples were centrifuged after
digesting them with 0.25% trypsin-EDTA. The sediment
was added with about 3 mL of PBS buffer (pH 7.0) and
centrifuged at 1,100 X g for 5 min. The sediment was
collected and washed 2 more times. Then, the sediment
was added with 500 pL of a cell-loading buffer, 2 pL
FITC and 5 pL propidium iodide, and then reacted for
15 min at room temperature. The apoptotic activity of
the cells was determined using the flow cytometry.

RT-PCR of BMP-2, RANKL, and OPG mRNA

The mRNA of BMP-2, OPG, and RANKL were deter-
mined using the method described by Jie et al. (2018). A
differentiation medium with or without phosvitin hydro-
lysates was added to the MC3T3-E1 cells and incubated
for 3 d at 37°C. The expressions of BMP-2, OPG, and
RANKL were analyzed using the RT-PCR reaction,
with the GAPDH as a control. After incubation, the
total RNA was extracted using the TRIzol Reagent
(15596-026, Ambion) in accordance with the manufac-
turer’s instruction. The cDNA was synthesized by incu-
bating a solution containing 4.968 pg of total RNA, 2 uL,
of oligo (dT) 18, 4 pL of ANTPs, 1 pL of HiScript reverse
transcriptase and 0.5 pL of ribonuclease inhibitor at
25°C for 5 min, 50°C for 15 min, 85°C for 5 min, and
then 4°C for 10 min. Amplification was carried out for
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40 cycles; the samples in a 20 pL reaction mixture con-
taining 4 pL of ¢cDNA, 10 umol of each primer,
2.5 mmol dNTPs, and Taq Plus DNA Polymerase
(ET105-01, TTANGEN) were incubated at 50°C for
2 min, 95°C for 10 min, 95°C for 30 s, and 60°C for
30 s. The primer sequences used are shown in
Supplementary Table 1. The gene-expression values
were calculated based on the comparative 2~ ACt
method.

Analysis of the Mineralized Nodules of
MC3T3-E1 Cells

The MC3T3-E1 cells (1 X 10° cells/well) were culti-
vated in a 6-well plate as described in 2.7. When the cells
approached 80% confluence (denoted as day 0 of differ-
entiation), 100 pg/mL PV, HTMP-PV, or HTMP-
PV18 differentiation medium was added, and the me-
dium was changed every 2 d. After 21 d of differentia-
tion, the cells were washed with a precooled PBS
buffer (4°C) 3 times and then added with a cell fixative
(4% paraformaldehyde) to fix the cells at 4°C for 1 h. Af-
ter washing with the PBS buffer, 200 uL of 0.1%
Alizarin-Red staining solution (Sinopharm Chemical
Reagent Co., Ltd., China) was added, and then stained
for 30 min at room temperature. After rinsing with ultra-
pure water, the mineralized nodules of MC3T3-E1 were
observed using a fluorescence inverted microscope (IX71,
Olympus Co., Ltd., Japan). The quantitative analysis
was shown by the drawing software (MATLAB 2016)
referring to Jie et al. (2018). The formula is as follows:

The proportion of mineralized nodules (%) =

Statistical Analysis

Data were analyzed using the SPSS 17.0 software. All
experiments were repeated 3 times and the data were
expressed as the mean £ SD. The data analysis was per-
formed using the one-way analysis of variance followed
by Duncan’s post hoc test to find if significance was
detected among the treatments. Statistical significance
was set at P << 0.05. All Columnar patterns in this study
were generated using the Origin 8.0 software.

RESULTS AND DISCUSSION

Molecular Weight Distribution of Phosvitin
Phosphopeptides

The molecular weight of PV is about 35-40 kDa
(Wallace and Morgan, 1986), and PV is highly resistant
to proteases due to structure of high phosphorylation
(Goulas et al., 1996; Samaraweera et al., 2014). Ren
et al. (2015) reported that treatmenting of PV using
0.2 M NaOH for 30 min at room temperature partially
dephosphorylated phosvitin and helped the subsequent

trypsin digestion. However, the mineralization capa-
bility of the partially dephosphorylated PV was signifi-
cantly lower than that of the natural PV (Jie et al.,
2018). To reduce the protease resistance of PV without
removing phosphate groups, pretreatment PV with
high temperature under mild pressure condition
(HTMP, 121°C at 1.5 atm) was developed by Huang
et al. (2019). The structural characteristics of PV and
its phosphopeptides were analyzed by liquid
chromatography-tandem mass spectrometry. The
HTMP pretreatment alone produced 154 peptides,
whereas trypsin, Protex 6L, and Multifect14L combined
HTMP pretreatment produced 225, 280, and 164 pep-
tides, respectively (Huang et al., 2019). On this basis,
this article investigated the activity and mechanism of
PV hydrolysates produced by this effective method
(HTMP and HTMP binding trypsin) on the differentia-
tion and mineralization of osteoblasts.

The PV hydrolysates produced by trypsin enzymatic
hydrolysis was mainly composed of 3 bands that are
located near 40 kDa, 26 kDa, and below 17 kDa, and
most of them are distributed above 20 kDa
(Figure 1A). This indicated that the major proportion
of phosvitin was not hydrolyzed. This result is consistent
with the results in the above literatures. However, after
HTMP pretreatment + trypsin enzymatic hydrolysis,
the molecular weight of PV hydrolysates was mostly
distributed below 15 kDa (FigurelB). When the enzy-
matic hydrolysis time was increased to >12 h, the molec-
ular weight of most of the peptides in the hydrolysate
was further reduced to <10 kDa (Figure 1B), indicating

value of the area of mineralized nodules

value of the entire area of the image

that the HTMP pretreatment destroyed the core struc-
ture of the PV and enabled the access of trypsin to
further hydrolyze large peptides. Low-molecular-weight
peptides were reported to be more conducive to calcium
binding (Huang et al., 2014). For example, polypeptides
with a molecular weight of 1-5 kDa have better calcium
affinity than the larger ones (Lee and Song, 2009). In
addition, small peptides are considered to be more suit-
able for intestinal absorption (Korhonen and Pihlanto,
2003). When the PV was pretreated with HTMP and
then hydrolyzed with trypsin for 18 h, almost all the
bands were located at < 10 kDa areas. Thus, PV,
HTMP-PV, and HTMP-PV18 were selected for subse-
quent experiments (Figure 1B).

Microscopic Morphology Analysis of the PV
and PV Hydrolysates With Chelated
Calcium

The microstructure of PV showed a sheet-like structure
with a smooth surface (Figure 2A), whereas that of the
HTMP-PV had a broken, fragmented structure with
some disorders and irregular shapes (Figure 2B). After
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Figure 1. The Tris-Tricine-SDS-PAGE of phosvitin hydrolysates with trypsin (A) and PV hydrolysates with HTMP pretreatment and trypsin
(B) with different incubation time. Abbreviations: HTMP-PV, high temperature and mild pressure pretreat phosvitin.

binding with calcium, the PV and HTMP-PV showed
mineral-like structures (Figures 2C and 2D). Wang et al.
(2017) reported that when calcium was bound to collagen
polypeptides, many salt-like spherical aggregates
appeared on the surface. This indicated that HTMP

treatment destroyed the structure of PV, which was also
confirmed by the DH (Figure 2E). The DH of PV increased
from 3.32 to 18.06% (P < 0.05) after the HTMP pretreat-
ment, indicating that the structure of PV was partially
broken and more amino acids were exposed. The calcium
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Figure 2. The scanning electron microscopic (SEM, 100x) images of the natural phosvitin and the HTMP pretreated phosvitin and their calcium
chelates. A: phosvitin; B: high temperature and mild pressure pretreated phosvitin (HTMP-PV); C: phosvitin after calcium chelating; D: HTMP-PV
after calcium chelating; E: the degree of hydrolysis of phosvitin and HTMP-PV; F: calcium chelating rate of phosvitin and HTMP-PV.
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Figure 3. The fluorescence spectra (A) and Fourier infrared spectra (B) of the PV, HTMP-PV, and HTMP-PV18 (HTMP-PV: high temperature
and mild pressure pretreated phosvitiny HTMP-PV18: HTMP-PV hydrolyzed with trypsin for 18 h).

binding rate of HTMP-PV was 50.48%, significantly
higher than PV (40.24%) (Figure 2F) (P < 0.05), indi-
cating that the structure of the PV was changed and
some phosphorylated amino acid residues were exposed
to bind more calcium.

Fluorescence Spectra and Fourier Infrared
Spectra Analysis of PV and Its Hydrolysate

All 3 treatments (PV, HTMP-PV, and HTMP-PV18)
showed the maximum fluorescence at 348 nm, but their
intensities were different (Figure 3A). The changes in

the absorption peak and the intensity of the absorption
peak in the fluorescence spectrum at 348 nm reflect the
changes in the environment where tryptophan is located
(Zhao et al., 2011). The absorption intensity of the PV
decreased after HTMP pretreatment and the spectrum
had a slight red-shift, indicating that the polarity of
tryptophan in  the HTMP-PV had increased
(Figure 3A). This indicated that the HTMP pretreat-
ment changed the conformation of the PV, causing
more chromophores to be exposed to the solution to
undergo fluorescence quenching, which resulted in the
decrease of fluorescence intensity.
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Figure 4. The effect of different treatment conditions of protein on the proliferation (A), apoptosis (B) and flow cytometer (C) of MC3T3-E1 cells
(HTMP-PV: high temperature and mild pressure pretreated phosvitingy HTMP-PV18: HTMP-PV hydrolyzed with trypsin for 18 h). Data are
expressed as mean SD (n = 6). Values marked with different letter are significantly different at P < 0.05.
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The peak at 510 cm ™' in the IR spectrum of the PV is
the bending vibration peak of PO,* and that at
1,070 cm ™' is the asymmetric telescopic vibration peak
of PO,> (Figure 3B). This indicates that phosvitin is a
phosphorylated protein. In the amide I band
(1,600-1,700 cm™ "), there is a -C=0- stretching vibra-
tion peak at around 1,656 cm™'. The absorption peak
at 1,556 cm ™' belongs to the amide II band
(1,600-1,500 cm ™), which is produced by N-H in-plane
bending and C-N stretching vibration. Compared with
the infrared spectrum of the PV, the PO,* bending vi-
bration peak and the PO,* asymmetric telescopic vibra-
tion peak of the HTMP-PV and the HTMP-PV18 did
not change significantly. It is assumed that the HTMP
pretreatment and the subsequent trypsin hydrolysis
did not cause any changes in the phosphorylation of
the PV. This is important for exploring the calcium-
binding properties of the HTMP-PV and the HTMP-
PV18. The characteristic absorption peak of the amide
I band is caused by the C=0 stretching vibration of
the protein skeleton and is a sensitive region where the
secondary structure of the protein changes. For both
HTMP-PV and HTMP-PV18, the peak absorption
wavelength of the amide I band shifted from
1,656 cm ' to about 1,660 cm ™', indicating that the
secondary structure of the protein has changed and the
proportion of ¢-helix has decreased.

Effects of HTMP-PV and HTMP-PV18 on
the Proliferation and the Apoptosis of
MC3T3-E1 Cells

All 3 treatments (PV, HTMP-PV, and HTMP-PV18)
promoted the proliferation of MC3T3-E1 cells
(Figure 4A). The proliferative activity of the HTMP-
PV was 147.12% higher than that of the other groups
(P < 0.05). The effect of PV in promoting cell prolifera-
tion was the lowest, which increased by only 10.82%
compared with the control. With the HTMP pretreat-
ment, the structure of the PV was partially broken and
the phosphorylated serines in the core part were exposed
and participated in biological reactions. It has been re-
ported that the degree of phosphorylation in PV plays
an important role in the proliferation and differentiation
of MC3T3-E1 cells (Jie et al., 2018). The higher the de-
gree of PV phosphorylation, the greater is the contribu-
tion of PV to the cell proliferation.

The apoptosis is an autonomous process that main-
tains the stability of the internal environment of cells
and is controlled by genes. The HTMP-PV had the
strongest inhibition effect on the apoptosis of MC3T3-
E1 cells (4.56%), which was 31.63% lower than that of
the control (Figure 4B) (P < 0.05). The apoptosis results
were consistent with those of the cell proliferation
(Figure 4C).
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Figure 6. The effects of phosvitin with different hydrolysate treatments on the mineralized nodules of the MC3T3-E1 cells (demonstrated by the
Alizarin-Red staining on day 21. Alizarin red complexes with calcium ions to form deep red substances) (A: control; B: phosvitin; C: PV18;
D: HTMP-PV; E: HTMP-PV18; F: the proportion of mineralized nodules on A-E).

Expression of BMP-2, OPG, and RANKL
mRNA Genes

The growth and development of the bones vary depend-
ing on the balance between the bone formation and the
bone resorption. The major known signaling pathways of
osteoblastic differentiation are OPG/RANKL (Jie et al.,
2018), Wnt/B-catenin, 1,25-(OH),-vitaminD3/VDR
(Kim et al., 2018), and BMP-SMAD. The proliferation
and differentiation of osteoblasts occur at the same time
as the osteoclasts are formed. The BMP-2 plays an impor-
tant role in the bone formation. Ando et al. (2018) pre-
pared a self-assembled peptide (SPG-178) that could
significantly improve the level of BMP-2, osteocalcin,
OPG, and other mRNA by in vitro as well as in vivo sys-
tems. In the OPG/RANKL rank system, cells secreted
OPG, a protein involved in bone density regulation, to
inhibit the development of osteoclasts. The stromal cells
of bone marrow, as well as osteoblasts, secrete RANKL
that promotes the differentiation of osteoclasts and bone
resorption (Wang et al., 2014). In this study, the RT-
PCR was used to detect marker genes such as BMP-2,
OPG, and RANKL in OPG/RANKL signaling pathway
of osteoblasts to determine the effect of phosvitin and its
hydrolysates on cells differentiation.

The RT-PCR results of the bone mineralization—
related genes indicated that the HTMP-PV and the

HTMP-PV18 significantly upregulated the expression
of BMP-2 mRNA, which was higher than that of PV
and PV18 (phosvitin hydrolyzed by trypsin for 18 h)
(Figure 5A1) (P < 0.05). Figure 1 showed that the mo-
lecular size of peptide from the enzymatically hydrolyzed
phosvitin without pretreatment was greater than
10 kDa. From the RT-PCR, DH, and calcium chelation
results, it was speculated that small peptides were more
conducive to enter into the cells and promoted cell differ-
entiation better than the large ones. The expression of
OPG mRNA showed that the HTMP-PV and HTMP-
PV18 upregulated the expression of OPG (Figure 5B1)
but downregulated RANKL mRNA genes (Figure 5C1).

The activity of osteoblasts increased when the ratio of
OPG to RANKL increased, which contributed to the
bone formation. The OPG/RANKL values (Figure 5D)
indicated that all 3 treatments increased the mineraliza-
tion of osteoblasts, but the HTMP-PV showed the stron-
gest effect. The activity of osteoclasts increased when the
ratio of OPG/RANKL decreased, which favors bone
resorption. Sritharan et al. (2018) reported that
increasing OPG/RANKL ratio promoted the activity of
osteoblasts by inhibiting osteoclastogenesis. The
HTMP-PV and the HTMP-PV18 treatments promoted
the differentiation of MC3T3-E1 cells significantly, but
suppressed osteoclastogenesis by altering the OPG/
RANKL ratio (Figure 5).
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Effect of HTMP-PV and HTMP-PV18 on the
Mineralized Nodules of MC3T3-E1 Cells

The formation of mineralized nodules is the hallmark of
the advanced osteoblast differentiation, which occurs in
the extracellular matrix (Li et al., 2019). The morphology,
quantity, and size of the mineralized nodules are an intui-
tive morphological manifestation of cell mineralization. As
shown in Figure 6, the mineralized nodules appeared in
each group after the induced differentiation, and both
the HTMP-PV and HTMP-PV18 had better mineraliza-
tion effects than the control and the PV and PV18 groups
(Figures 6A—6E) (P < 0.05). The quantitative analysis of
mineralized nodules showed that the ratio of mineralized
nodules in pretreated phosvitin groups was higher than
that in the control group and no-pretreated groups
(Figure 6F) (P < 0.05). Among them, the proportion of
mineralized-nodule area in the HTMP-PV group was as
high as 40.75%. This result indicated that the phosvitin
after pretreatment is better in promoting mineralization
of osteoblasts. Both the HTMP-PV and the HTMP-
PV18had ahigh calcium-chelating activity, which is bene-
ficial to fix the calcium ions needed for the mineralization
of the MC3T3E1 cells. Because the HTMP-PV and the
HTMP-PV18 could contain many phosphorylated pep-
tides, they can also provide phosphorus to the mineralized
nodules. As reported by Jie et al. (2018), the PV with the
high degree of phosphorylation (N75%) had a stronger ef-
fect in promoting the formation of osteoblast-mineralized
nodules than that with the low-degree phosphorylation.
1 pg/mL  Annatto-derived tocotrienol significantly
increased expression of BMP-2 protein and mineralized
calcium nodules were more abundant in Annatto-
derived tocotrienol-treated groups than in the control
(Hasan et al., 2020).

CONCLUSION

Both the HTMP-PV and the HTMP-PV18 treat-
ments were effective in producing functional PPP from
PV. The phosphopeptides produced from the HTMP-
PV and the HTMP-PV18 treatments had higher calcium
chelation, better osteoblasts differentiation, and miner-
alization rate than the phosvitin. The HTMP-PV and
the HTMP-PV18 had stronger mineralization effects
and osteoblasts differentiating effect than the control
and the PV groups. The underlying mechanisms of the
PPP in improving mineralization and the differentiation
of osteoblast cells are by increasing the expression of the
OPG/RANKL signaling-channel-related genes. There-
fore, the PPP produced by the HTMP-PV and the
HTMP-PV18 treatments could be promising anti-
osteoporosis compounds for humans. However, produc-
ing PPP with strong calcium-chelating capacities and
high osteoblasts differentiation and mineralization ef-
fects would be important for the practical application
of the PPP to cure osteoporosis in the future. Therefore,
further studies on the effects of peptide sizes, degree of
phosphorylation, and amino acid sequences on the func-
tional characteristics of PPP are necessary.
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