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cell proliferation and their effect on bone
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Deer sinew as a by-product has high collagen and nutritional value. This study focuses on its hydrolysate
being used as a calcium carrier to develop functional foods. The chelation mechanism was analyzed by
SEM, EDS, UV-vis, FTIR, and fluorescence spectroscopy and zeta potential analysis after using peptide-
sequenced deer sinew peptides for chelation with calcium ions. The results showed that the chelation of
deer sinew peptides with calcium ions occurs mainly at the O and N atoms of carboxyl, amino and amide
bonds. In vitro and in vivo studies revealed that deer sinew peptide—calcium chelate (DSPs-Ca) promoted
the proliferation of MC3T3-E1 cells without toxic side effects and increased the alkaline phosphatase
activity. The DSPs-Ca group improved the bone microstructure induced by low calcium, as well as up-
regulated the expression of genes responsible for calcium uptake in the kidneys, as evidenced by serum
markers, bone sections, bone parameters, and gene expression analyses in low-calcium-fed mice. From
the above, it can be concluded that DSPs-Ca is expected to be a calcium supplement food for promoting

rsc.li/food-function bone health.

1. Introduction

Calcium is an important part of the human body and mainly
plays a role in supporting the body, forming the skeleton, pro-
tecting the internal organs, and enzyme activation." It is
necessary for the biological material that forms bones.>
Inadequate calcium intake can lead to a variety of diseases
that cause many discomforts to the body, including rickets,’
growth retardation, and a host of problems such as fractures
and osteoporosis. However, the current situation of
inadequate calcium intake is widespread.® Inadequate calcium
intake has been reported in studies of calcium intake in
Spanish children® and micronutrient intake in the diets of
adolescents and young children in the Netherlands.” An IOF
(International Osteoporosis Foundation) Global Map study of
the adult dietary calcium intake shows that low calcium intake
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is a major problem in many parts of the world, negatively
affecting the health of bone tissue in populations. Bone loss
accelerates in later life, and the elderly Singaporeans in the
study also had inadequate calcium intake.® The amount of
calcium needed for optimal bone health changes at different
stages of life, with the need for calcium being higher in adoles-
cence as bones grow rapidly and the body’s ability to absorb
calcium decreasing at older ages.’ From the above, it can be
seen that calcium plays an essential role in bone health at all
ages."’

It is noteworthy that dietary calcium intake is usually
secure and that food intake is the only way for the body to
replenish calcium reserves in the bones.'' For this reason,
proper oral calcium supplementation is essential for maintain-
ing bone health.’® Calcium supplements mainly include in-
organic calcium, organic calcium, amino acid calcium and
calcium-binding peptides. Although the first three types of
calcium supplements have some calcium replenishment
effect, the problems of strong irritation and related adverse
reactions have not been effectively solved. For example, in-
organic calcium has poor solubility and is not easily absorbed.
Excessive intake of organic calcium can easily cause toxic side
effects.”® Amino acid calcium is more advantageous in terms
of solubility and absorption rate.'® However, it is expensive
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and easily causes fat oxidation, which limit its wide appli-
cation to a certain extent. In recent years, calcium-binding pep-
tides have been isolated and characterized with great potential
to promote calcium absorption.'”> This kind of calcium-
binding peptide is a new direction in the development of
calcium preparations. Compared with other calcium sup-
plements, peptides in chelates not only provide a variety of bio-
logical benefits, but also their absorption has the character-
istics of low energy consumption, low carrier saturation and
fast absorption rate, such as zein peptides,'® pig bone collagen
peptides,'” and others. Additionally, peptides have more abun-
dant calcium binding sites, and the resulting complex struc-
ture is more stable. It has been reported in the literature that it
can enhance intestinal calcium absorption by preventing
calcium precipitation in the intestine. The reaction product
can be stabilized in the gastrointestinal tract, thus enhancing
bioavailability in the organism.'® Therefore, peptide-calcium
chelates can be used as a new type of nutritional supplement
that can not only promote calcium absorption, but also
provide functional active peptides to the consumer, playing a
dual role."®

The development of deer products as food and dietary sup-
plements has gained attention over the past decade or so.
Among these products, consumption of venison has increased
due to its unique flavor, resulting in a large amount of by-pro-
ducts from slaughterhouses. Compared to venison, deer sinew
is an underutilised by-product of muscle stripping from deer
limbs. However, deer sinew (DS) is rich in a variety of amino
acids and inorganic elements and has the potential to be uti-
lised for the production of high-value products.®® Its collagen
content is rich, higher than that of fish skin (21.6%-21.95%),
pig skin (46%) and so on. Deer sinew collagen hydrolysates,
deer sinew peptides (DSPs), are commonly used in dietary sup-
plements and nutraceuticals.?! At present, deer sinew peptides
have been shown to have anti-osteoporosis activity.>> However,
it is not clear whether DSPs can be used as high-quality
peptide raw materials for the preparation of peptide-calcium
chelates with some ability to promote calcium absorption.
Therefore, this experiment was analysed using Nano LC-MS/
MS and it was found that DSPs had suitable molecular weights
and a variety of essential amino acids, which determined that
they could be used as high-quality peptide raw materials for
the preparation of peptide-calcium chelates. Subsequently, the
structure and functional characteristics of the structure were
studied. Structural characterization was used to analyze
whether new substances were formed, that is whether calcium
and peptide were chelated successfully. Calcium binding sites
were also analyzed. To demonstrate whether it can be used as
a safe functional food calcium supplement through in vivo
acute toxicity tests and in vitro cellular tests. Finally, the effects
of the deer sinew peptide-calcium chelate (DSPs-Ca) on renal
reabsorption and bone deposition of calcium were evaluated
in low-calcium mice. It is expected that DSPs-Ca can be used
as a safe and functional calcium supplement with great poten-
tial to ameliorate insufficient calcium intake and the resulting
bone diseases.
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2. Materials and methods

2.1. Materials

DSPs were produced in our laboratory. The chemicals and sol-
vents used in this study were of analytical grade.

2.2. Peptide sequence identification

DSPs were first solubilized with 50 mM NH,HCO;, and then
the samples were reduced, alkylated, and desalted according
to a slight modification of the method described by Wang
et al.”® Afterwards, the treated samples were analyzed by Nano
LC-MS/MS. Nanoflow UPLC: Easy-nLC 1200 system (Thermo
Fisher Scientific, USA); nanocolumn: 150 pm x 15 cm in-house
made column packed with Acclaim PepMap RPLC C18 (3 pm,
100 A, Dr Maisch GmbH, Germany); mobile phase: A: 20%-
0.1% formic acid in water, B: 80% acetonitrile. Total flow rate:
600 nL min~'. Samples were analyzed using an Easy-nLC 1200
system coupled with a Q Exactive™ Hybrid Quadrupole-
Orbitrap™ mass spectrometer (Thermo Fisher Scientific, USA)
with an ESI nanospray source to analyze the samples. The raw
MS files were analyzed and searched using PEAKS Studio
(10.6). After de novo analysis, peptide sequence analysis results
were obtained.

2.3. Preparation experiment of DSPs-Ca

DSPs were dissolved in ultrapure water at 5 mg mL™". Calcium
chloride was added according to the peptide-calcium mass
ratio of 6:1, and the pH was adjusted to 8 with 1 mol L™
sodium hydroxide. The solution was chelated at a temperature
of 55 °C for 45 min. After the calcium chelation reaction, 9
times the volume of ethanol absolute was added to precipitate
the DSPs-Ca, which also served as a preliminary separation of
the DSPs-Ca and calcium ions, and then the precipitate was
rinsed with a 90% ethanol solution several times to remove as
much as possible the free calcium ions. The precipitates were
centrifuged at 4000g for 20 min, collected and lyophilized for
further analysis.

2.4. Characterization of peptides and chelates

2.4.1. SEM and EDS of DSPs and DSPs-Ca. The DSPs and
DSPs-Ca powders were sprayed with gold and placed into a
scanning electron microscope (Carl Zeiss AG, ZEISS EVO 18,
Germany) to evacuate the vacuum, turn on the voltage, wait for
the high voltage addition to be completed, and start position-
ing the sample. Subsequently, the height of the sample stage
to the objective was adjusted, preview parameters were set,
focusing and defocusing scattering were performed, and the
scanning results were waited for to obtain microstructural
maps. Finally, it was photographed and saved at the set magni-
fication and analyzed by energy dispersive spectroscopy.>*

2.4.2. UV-vis of DSPs and DSPs-Ca. Appropriate amounts
of DSPs and DSPs-Ca were prepared with ultrapure water to
1 mg mL ™", respectively, and scanned at 190-400 nm. The UV-
visible spectrophotometer (UV-6100, MAPADA, China) was
blank-corrected with deionized water prior to the measure-
ment of the samples. The UV absorption spectra of DSPs and

This journal is © The Royal Society of Chemistry 2024
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DSPs-Ca were determined by using MAPADA scanning analysis
software.?”

2.4.3. FTIR of DSPs and DSPs-Ca. The dried DSPs and
DSPs-Ca (1 mg each) were taken and mixed homogeneously
with an appropriate amount of KBr, pressed until transparent,
and the samples were scanned using an infrared spectrometer
(iS50R, Thermo Fisher Scientific, USA) over a range of 400 to
4000 cm™".%°

2.4.4. Fluorescence spectroscopy of DSPs and DSPs-Ca.
The DSPs and DSPs-Ca were briefly treated (added to deionized
water and configured to 0.15 mg mL™"), and a fluorescence
spectrophotometer (RF6000, Shimadzu Co., Japan) was
selected to measure the spectral types of emission spectra,
with an excitation wavelength of 280.0 nm; the start of the
emission wavelength: 290.0 nm and the end: 500.0 nm. The
data interval was 1.0 nm, and the scanning speed was 600 nm
min~".>’

2.4.5. Zeta potential of DSPs and DSPs-Ca. DSPs and DSPs-
Ca were prepared as 1 mg mL ™" solutions, respectively, and the
potentials were determined using a zeta potential analyzer
(90Plus Zeta, Brookhaven Instruments Co., USA).>®

2.5. MC3T3-E1 cell proliferation assay

MC3T3-E1 cells were cultured in o-MEM supplemented with
10% fetal bovine serum. The logarithmic phase growth cells
were selected, and the cell suspension was mixed and inocu-
lated in 96-well plates at a density of about 1 x 10* cells per mL
in 100 pL of cell suspension per well. After culture for 24 h, the
culture medium was changed and DSPs-Ca solution with a
different concentration was added. After culture for 24 h, 10 pL
of CCK-8 reagent was added to each well. After continuing in
the incubator for 1 h, the absorbance value was measured at
595 nm to calculate the cell viability. The evaluation of alkaline
phosphatase (ALP) activity was chosen to detect ALP activity at
510 nm on days 1, 4 and 7.
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2.6. Animals

2.6.1 Acute toxicity study. All animal procedures were per-
formed in accordance with the Guidelines for Care and Use of
Laboratory Animals of Jilin Agricultural University, and
approved by the Animal Welfare and Ethics Committee of Jilin
Agricultural University. Animal experiment ethical number:
20211011003, bought from Changchunshi Yisi Experimental
Animal Technology Limited. ICR mice were selected for the
study. They were allowed to acclimatize for 1 week, fed nor-
mally, with good ventilation, appropriate temperature (room
temperature of 20-26 °C), and relative humidity maintained at
50%-70%. Healthy animals were segregated on the basis of
difference in body weight and randomly divided into two
groups of 10 animals (5 males and 5 females) each. After
administration of DSPs-Ca (0, 10 g kg™'), the animals were
closely observed for 4 hours. The dose is based on the
National Standard for Food Safety (GB 15193.3-2014). Mortality
and general behavioural changes were recorded for 14 con-
secutive days. At the end of the treatment, the main internal
organs were observed visually and the body weights and organ
coefficients were recorded.

2.6.2 Animal feeding and grouping design. ICR mice SPF
grade, similar weight (+10%), around 25 g, 50, male. These
50 mice were grouped: blank control group (NC), low-calcium
model group (LC), deer sinew peptide-calcium chelate high-
dose group (DSPs-Ca-H), deer sinew peptide-calcium chelate
low-dose group (DSPs-Ca-L), and calcium chloride group (CC).
The NC group was fed a conventional diet (calcium mass frac-
tion - 0.5%) and the rest of the groups were fed a low calcium
diet (calcium mass fraction - 0.05%). Calcium intake in the
high and low dose groups was referenced to 10 and 5 times the
recommended daily intake of 800 mg per 60 kg for humans,
and the gavage dose was based on calcium content. Fig. 1
illustrates the experimental design protocol, including the
feeding method, gavage dose, and overall tissue of each group
of mice.

(et L e b L >
Grouping: Normal-calcium diet (n=10) ‘ NC group: Equal volume of deionized water
Week 0 Week 4 Week 8
|
Normal-calcium diet X
i Euthanasia ;
Adaptation Analysis
Low-calcium diet h > & 4

Grouping: Low-calcium diet (n=40,

10 per group)

vy

LC group: Equal volume of deionized water

Fig. 1 Experimental design of the animal study.
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DSPs-Ca-H group: DSPs-Ca (133mg Ca/kg bw)
DSPs-Ca-L group: DSPs-Ca (67mg Ca’kg bw)

CC group: CaCl, (133mg Ca’kg bw)

______________________________________ >
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2.6.3. Sample collection and methodology. The body
weights of the mice were recorded during the four weeks when
gavage was initiated. After eight weeks, all mice were fasted for
12 h and blood was collected for measurement of serum
calcium, phosphorus and alkaline phosphatase (ALP) levels.
The mice were euthanized and the hearts, livers, spleens,
lungs, kidneys, and femurs were quickly removed and stored at
—80 °C for further analysis. Femur length was measured using
vernier calipers. Visceral index was calculated (visceral index
(100%) = visceral weight/body weight).

The dry weight of the femur was recorded after baking the
left femur of mice in an oven until constant weight. The
femur, which was baked to constant weight, was mashed and
transferred to a conical flask with 10 mL of mixed acid (nitric
acid : perchloric acid = 4:1, v/v). It was placed in a digestion
oven, warmed up and digested until transparent, and then the
content of bone calcium was determined by atomic absorption
spectrometry (AA-6300F/G, Shimadzu Co., Japan).

2.6.4. Hematoxylin-eosin (HE) staining of femur. Paraffin
sections were made from mouse femurs, and HE staining was per-
formed according to the routine procedure, in which the paraffin
sections were sequentially placed in xylene and alcohol and depar-
affinized to water. The sections were placed in a hematoxylin stain-
ing solution for 3 to 5 minutes, followed by a hematoxylin differen-
tiation solution for a few seconds, and finally placed in hematoxylin
anti-blue solution to re-bleach the blue, and each step involved
rinsing with tap water. The sections were then stained with eosin
staining solution for 5 minutes, followed by dehydration, attaining
transparency, sealing, microscopic observation, and photographing.

2.6.5. Micro-computed tomography (micro-CT) analysis.
Femur specimens from each group of mice were taken and the
surrounding tissue was cleaned off, and then fixed in 4% parafor-
maldehyde for 24 h. Micro CT (Siemens Inveon Micro CT,
SIEMENS AG, Germany) analysis was performed, and the scan-
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ning parameters were set as: a voltage of 80 kV, a current of
500 pA, the average number of frames of 1, and a bin factor of 1.
The scanning rotation angle was 360° and the number of scanning
steps was 180 steps. Scanning was also performed using the
Inveon Acquisition Workplace system that came with the machine
to obtain micro CT images with a reconstruction scale factor of 2.
2.6.6. Quantitative real-time PCR. Total RNA from mouse
kidneys was extracted using TRIzol (Invitrogen, USA). At the end of
the extraction reaction, reverse transcription was performed using
the RevertAid First Strand cDNA Synthesis Kit with oligo-dT as the
primer. The cDNA target sequences were determined on a real-
time PCR instrument (Roche LightCycler 480II, USA) using a
QuantiTect SYBR Green RT-PCR Kit. The f-actin internal reference
gene was selected for correction and normalization, and the mRNA
expression of the gene in kidney tissue was calculated using the
2744 method. Primer sequences can be found in Table S1.1

2.7. Statistical analysis

All the above data were statistically analyzed using SPSS 26.0
software. Data are expressed as mean + standard deviation
(mean * SD). Data were analyzed by one-way analysis of var-
iance (ANOVA) with Tukey’s test. Differences were considered
statistically significant when P < 0.05. Meanwhile, Origin 2022
was selected for graphical visualization.

3. Results and discussion

3.1. Peptide sequence analysis

Studies have shown that the chelating ability of peptides has a
correlation with molecular weight, sequence and amino acid
composition.'® Thus, the sequence of DSPs was determined by
Nano LC-MS/MS and the total ion flow chromatogram was
obtained (Fig. 2). Table 1 shows the top 10 peptides with a
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Fig. 2 Total ion flow chromatography of DSPs.
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Table 1 Top 10 peptides with higher de novo score for DSPs
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Sequence De novo score Mass (Da) Structural formula
KDGRPGPLGPA 99 1105.5879 b
N/n\)’k,‘/qi‘:\i,i‘/“ﬂn Mﬂ“ﬁ;nv‘[@ﬁ‘/n\iw
KDRGPGPLGPA 99 1105.5879 i
N/a\)kN i\)I\N “VJKN "QI\N E\)LN i\)J\m
VPGPMGPSGPR 99 1050.5281 o o o o - o o
A IQ e o IO
A ° ° \ LA ° 3 (
i .
A
PLPEFT 99 702.3588
LPSPLRP 99 778.4701 0 )
M%x%&
VPLPV 99 523.337 \)Gﬁ‘/\)l\oﬁ‘/\)l\
GPVGPAG 99 553.2859
/QKOY&W xxﬁx
ASGPAGPR 99 711.3663 HNYN”Z
o
/JJ\/';‘/ Q@Y %\*u o
GDAGPAGPK 99 768.3766 —
H/n\/u\u/ii:nykﬁ/YC\)l\u/'\”/nyl\QYnykw
AGPAGPR 99 624.3343

higher de novo score for DSPs. The list of remaining identified
peptides is shown in Table S2.1 And it contains 632 different
peptides, with the number of amino acids in the peptides
ranging from 4 to 23, and the molecular weight ranging from
roughly 400 to 2300 Da. We analyzed whether DSPs can be an
ideal source of calcium supplements from three aspects. First,
in molecular weight distribution, as shown in Table 2, the

This journal is © The Royal Society of Chemistry 2024
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Table 2 The number of peptides with different molecular weights

Molecular weight range (Da) >1500

1000-1500 500-1000 <500

Number of peptides 27 191 387 27
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molecular weights of deer sinew peptides are mainly concen-
trated in two ranges, 500-1000 and 1000-1500 Da. It has been
shown that the molecular weight distribution of peptides is
critical for calcium-peptide binding, with fragments with
molecular weights below 3000 Da having higher calcium
binding capacity.>®> However, more small molecules (<500 Da)
in the wheat germ hydrolysis products were detrimental to the
calcium-binding capacity.*® Secondly, on the peptide
sequences of the DSPs, a plurality of peptides, such as
VPGPMGPSGPR, GDAGPAGPK, GPAGPAGGPR, GPVGPAG, and
so on, have triplet repeats of the (Gly-X-Y)n primary structure
of the collagen peptide chain. Some studies have found that
some collagen peptides such as those found in tilapia bones®’
and in Pacific cod skin®* have a somewhat high affinity for
calcium. Finally, in terms of amino acid composition, there is
a large body of research showing that the carboxyl groups of
Glu and Asp are critical to the calcium affinity of the peptide.*?
Sheep collagen peptide-calcium chelates were found to be rich
in Ala, Glu, Asp and Gly.>* The relative percentage contents of
Asp, Thr, Ser and Glu increased to different degrees after the
casein calcium-binding peptide was chelated with calcium,?”
suggesting that these amino acids play an important role in
the chelation process with calcium. At high pH, conditions
corresponding to calcium uptake with high binding affinity
include Asp, Glu, Leu, His, Ala, and Gly.*® In the sequence
results of DSPs, Glu, Asp, Gly, Ala, Thr, and Ser appeared with
high frequency and were present in 105, 161, 558, 442, 256,
and 338 peptides, respectively. Meanwhile, the percentage of
occurrences of Asp, Glu, Leu, His, Ala and Gly in these peptide
sequences was 47.29%. From this, it can be inferred that there
is a theoretical basis for the binding of DSPs to calcium, which
can be followed up. DSPs may be a source of calcium-binding
peptides in functional foods.

3.2 SEM and EDS analysis of DSPs and DSPs-Ca

The combination of a scanning electron microscope and other
analytical instruments can be done to characterize the micro-
scopic morphology and at the same time to carry out the ana-
lysis of the composition of the microregion of the substance,
which is of some significance for the food field.>” Fig. 3A and
C show the microscopic morphology of DSPs and DSPs-Ca. At
10.00 k magnification, it can be observed that the deer sinew
peptide shows a smooth and uniform planar surface, whereas
the deer sinew peptide-calcium chelate formed with calcium
ions was broken into isolated solid blocks with irregular
shapes and rough and uneven surface structures. This may be
due to the breaking of the original structure of the peptide
after chelation, leading to structural changes in the peptide
and the formation of irregular particles.*® The EDS in Fig. 3B
and D show the elemental composition of DSPs and DSPs-Ca.
The DSPs contained elements such as C, N, and O with mass
percentages of 43.08%, 15.71%, 25.98%, and so on. DSPs-Ca
contained elements C, N, O, and Ca with mass percentages of
36.79%, 14.71%, 31.25%, and 5.2%, respectively. The diagram
of DSPs-Ca appeared to have three spectral peaks for elemental
calcium, which was not detected in the DSPs. In addition, the
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EDS showed that the mass percentages of chloride ions were
close to each other (DSPs: 2.07%, DSPs-Ca: 1.93%), which can
further indicate that it was the calcium ions in the introduced
CaCl, reagent that bind to the deer sinew peptide, whereas the
CaCl, molecules and chloride ions in the reagent were
excluded, and it is the calcium ions that chelate with the deer
sinew peptide and form a new substance.

3.3. UV-vis analysis for DSPs and DSPs-Ca

Ultraviolet-visible absorption spectra are generated from the
valence electrons and electrons in molecular orbitals in the
electronic energy levels between the transition. The use of
material molecules or ions for the absorption of ultraviolet
and visible light produced by the spectral absorption and the
degree of absorption of the structure of the material can be
analyzed, measured and deduced. When the organic ligand
combines with the metal ion calcium, it causes the original
absorption peak to shift or disappear or a new absorption
peak to appear.’® Therefore, the changes in the absorption
wavelength and absorption intensity of the UV absorption
spectrum are used to determine whether a new substance has
been produced. Generally, the absorption peaks of peptide
bonds in amino acid molecules are located between 200 and
300 nm. Among them, amino acid molecules containing aro-
matic rings - such as phenylalanine, tyrosine and tryptophan -
their absorption peaks are located between 250 and 280 nm,
while amino acid molecules not containing benzene rings -
such as alanine and glycine - their absorption peaks are
located between 200 and 220 nm.>® As can be seen in Fig. 3E,
the UV-visible spectra of DSPs and DSPs-Ca are quite different.
The maximum absorption peaks of both were found between
wavelengths 200 and 220 nm, and the maximum absorption
peak of DSPs was 214 nm, while the maximum absorption
peak of DSPs-Ca was located at 207 nm, indicating that the
absorption peaks of this peptide were blue shifted after
binding with calcium, which might be related to the n — =*
jump of C=0 in the peptide bond.*® Between the wavelengths
of 250 and 280 nm, it was observed that the spectra of DSPs-Ca
were flatter compared with those of DSPs, which could be
attributed to the fact that the metal ions bind to some aro-
matic amino acids on the DSPs to form new chemical com-
pounds, which affects the © — n* electronic leaps of the conju-
gated double bonds.** Overall, the absorption intensity of the
chelate with metal ions was higher than that of the peptide
alone in the near-ultraviolet region, which may be due to the
change in the chirality of the chromophore (C=0) and auxo-
chrome (-OH, -NH,) of the DSPs that chelate with the calcium
ions. From the above, it can be hypothesized that the combi-
nation of DSPs with calcium resulted in chelation and the pro-
duction of new compounds.

3.4. FTIR of DSPs and DSPs-Ca analysis

When metal ions bind to the organic groups of peptides, FTIR
is altered and can effectively distinguish the spectral differ-
ences between peptides and their metal chelates.*> As shown
in Fig. 3F, in the 4000-2500 cm ™' segment (v X-H stretching

This journal is © The Royal Society of Chemistry 2024
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of DSPs and DSPs-Ca. Different letters indicate significant differences between the groups (P < 0.05).

vibration region), the stretching vibrations of N-H and O-H
bonds in deer sinew peptides overlapped, and its absorption
peak was shifted from 3417.30 cm™" to 3440.44 cm™ " upon
binding with calcium, which may be due to the inductive

This journal is © The Royal Society of Chemistry 2024

effect or the dipole field effect, and the density of the electron
cloud of its N-H bond became stronger. It was speculated that
the N-H bond was involved in the formation of the chelate. In
the 2500-2000 cm™" segment (stretching vibrational region of
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triple and cumulative double bonds), there was no character-
istic absorption. In the 2000-1400 cm™ and 1400-400 cm™*
segments (the former double-bond stretching vibration region,
the latter single-bond stretching vibration and the bending
vibration region), it contains amide I, IT and III bands, which
are the important absorption regions to distinguish between
DSPs and DSPs-Ca. The absorption peaks of deer sinew
peptide amide bands I (C=O stretching vibration) were shifted
from 1654.65 cm™" to 1646.94 cm™'. The absorption peaks of
deer sinew peptide amide bands II and III (N-H and C-N) were
shifted from 1550.51 em™" and 1340.31 cm™" to 1560.16 cm ™"
and 1334.52 cm™', which may be due to the difference in the
coupling between § NH and v C-N affected by binding with
calcium, and the peptide bond was speculated to be involved
in the chelating reaction of the deer sinew peptides with
Ca®".*® In addition, the absorption peaks of the -COOH and
—-COO™ stretching vibrations of the deer sinew peptides were
shifted from 1450.23 cm™" and 1405.88 cm™" to 1457.95 cm™
and 1403.95 cm™', which may be caused by binding with Ca.
The chelation mode is mainly being due to the unbound free
electrons on the carbonyl oxygen. Meanwhile, the peak of the
deer sinew peptide at 559.26 cm™' shifted to 555.41 cm™,
which might be caused by the stretching vibration of N-Ca. It
was introduced by analyzing the infrared spectra of DSPs and
DSPs-Ca that carboxyl oxygen atoms and amino nitrogen atom
bonds in the peptide might be involved in the chelation reac-
tion with calcium ions to produce a new substance.

3.5. Fluorescence spectrum analysis of DSPs and DSPS-Ca

Fluorescence spectroscopy allows exploration of the inter-
actions between organic ligands and metal ions by detecting
changes in the wavelength and fluorescence intensity in the
spectrum, and tracking changes in the folding or unfolding of
peptides.** Trp, Phe, and Tyr are intrinsically fluorescent, and
these three amino acids have different fluorescence excitation
and emission spectra due to the differences in their side chain
chromophores.”® It can be seen from Fig. 3G that the peptide-
calcium complexes formed by the chelation reaction of DSPs
with calcium ions produced some changes in the position and
intensity of the strongest peaks, and the intensity of the peaks
of DSPs-Ca was much lower than that of the peaks of DSPs.
The absorption peaks of DSPs were shifted from 303 nm and
349 nm to 305 nm and 354 nm, respectively, and the positions
of the peaks corresponded exactly to the maximum emission
wavelengths of about 348 nm for tryptophan and 303 for tyro-
sine; the fluorescence intensities of the DSPs were also
decreased from 4.1 x 10* and 4.5 x 10* to 0.9 x 10* and 1.3 x
10, respectively. Since the process of chelation of calcium ions
with peptides can produce endogenous fluorescence quench-
ing and changes in their structure, it is also possible that
calcium ions cause changes in the electronic structure (energy
levels) of the excited state of the chromophore, which alters
fluorescence intensity reduction.*®*” Thus, these changes may
be triggered by the chelation of calcium ions with peptides.
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3.6. Zeta potential analysis of DSPs and DSPs-Ca

Zeta potential is a parameter for the study of electrical inter-
actions in foods, which determines the types of particle-par-
ticle and particle-medium interactions and significantly
affects sensory properties, and is used to examine food struc-
ture and stability.>® As can be seen from Fig. 3H, the potentials
of both DSPs and DSPs-Ca were negative, and the absolute
value of the potentials of DSPs decreased significantly from
the original —18.22 mV to —10.69 mV after binding with
calcium ions (P < 0.05). This may be due to the negative charge
of DSPs combined with positively charged calcium ions; the
charge on the surface of DSPs decreased significantly, indicat-
ing that the DSPs formed a new compound with calcium ions.

3.7. Effect of DSPs-Ca on the proliferation of MC3T3-E1 cells

Based on the correlation between cellular metabolic viability
and cell number, the viability level of cells was assessed by
measuring their ability to reduce CCK-8 reagents. As shown in
Fig. 4A, DSPs-Ca had no significant inhibitory effect on cell
survival compared with the control. Instead, DSPs-Ca signifi-
cantly increased the proliferative viability of MC3T3-E1 cells,
indicating that it was not toxic to cell growth. And the osteo-
blast proliferative effect of DSPs-Ca was positively correlated
with its mass concentration in the range of 50-1000 pg mL™"
mass concentration. Selection of DSPs-Ca had a significant
effect on the proliferation of MC3T3-E1 cells, but the effect
was smaller than other concentrations. DSPs-Ca of 100 pg
mL™" was selected to study the activity of alkaline
phosphatase.

Alkaline phosphatase (ALP) is a marker enzyme secreted by
osteoblasts at the early stage of differentiation and is an
important indicator of their osteogenic activity, with an
increase in ALP viability indicating a facilitated stage of osteo-
blast differentiation.*® The results are shown in Fig. 4B. After 1
day of treatment with DSPs-Ca, there was no significant differ-
ence in ALP activity between the DSPs-Ca group and the
control group (P > 0.05). After 4 and 7 days of incubation, there
was a significant difference in ALP activity between the DSPs-
Ca group and the control group (P < 0.05). ALP reached 12.15 +
0.42 U mg ™" prot on day 7. This indicated that DSPs-Ca signifi-
cantly increased osteoblast ALP viability and promoted osteo-
blast differentiation.

3.8. Acute toxicity study

Functional food is a type of food that has the common charac-
teristics of general food. And it is a food that does not cause
any acute harm to the human body. In order to ensure the
safety of DSPs-Ca, an acute toxicity test was conducted.”® No
animals displayed any negative effects or clinical symptoms of
poisoning during the study. In addition, no obvious autopsy
signs, including bleeding and organ colour or size changes,
were observed. The results in Table 3 show that there were no
signs of lethality and mobility changes in the animals within
14 days. After 14 days of treatment, the weight changes of mice
of each sex were recorded, and the results showed that the

This journal is © The Royal Society of Chemistry 2024
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Table 3 The general behavior and body weight of mice treated with DSPs-Ca under the acute toxicity studies of the mice

Gender Dose (g kg™) Initial weight (g) Fourteenth day (g) Mobility changes Deaths
Female 0 20.16 + 0.1748 24.70 + 0.6835 0 0
10 20.09 +0.1583 24.04 + 0.4920 0 0
Male 0 20.48 + 0.2867 25.53 £0.1383 0 0
10 20.80 + 0.0815 24.91 + 0.7398 0 0
Values were expressed as mean + SD. There were no significant differences between the groups (P > 0.05).
Table 4 Relative organ weights (g) of mice treated with DSPs-Ca and the control
Gender Dose (g kg™") Heart Liver Spleen Lungs Kidneys
Female 0 0.0078 = 0.0088 0.0339 = 0.0344 0.0041 £ 0.0045 0.0086 + 0.0079 0.0147 + 0.0151
10 0.0097 = 0.0005 0.0363 = 0.0020 0.0049 £ 0.0004 0.0088 £ 0.0010 0.0157 = 0.0006
Male 0 0.0114 + 0.0004 0.0385 = 0.0005 0.0063 + 0.0009 0.0106 + 0.0004 0.0168 + 0.0006
10 0.0120 = 0.0007 0.0395 £ 0.0015 0.0071 £ 0.0005 0.0117 £ 0.0010 0.0175 + 0.0013

Values were expressed as mean + SD. There were no significant differences between the groups (P > 0.05).

weight changes were not significant (P > 0.05), and the weight
gradually increased during the whole study period. As shown
in Table 4, the coefficients of the heart, liver, spleen, lungs,
and kidneys were within the normal range and did not change
significantly when compared to the control group (P > 0.05).
Consequently, the NOAEL (no-observed-adverse-effect level)
was considered to be 10 g kg™ day ™.

3.9. Body weight and visceral indices of mice

Organ coefficient is a commonly used index in toxicology
experiments, and the ratio of each organ to body weight is rela-
tively constant under normal conditions.>® During 8 weeks, all
groups of mice did not die, and there was no abnormal behav-
ior, such as in feeding and excretion. As shown in Fig. 5A,
after low-calcium modelling, there was no difference in the

This journal is © The Royal Society of Chemistry 2024

mean daily weight gain of each group for 4 weeks of gavage in
the NC, LC, DSPs-Ca-H, DSPs-Ca-L, and CC groups (P > 0.05).
As seen in Fig. 5B, the differences in visceral indicators of the
heart, liver, spleen, lungs and kidneys were not significant in
each group (P > 0.05). From the above analysis, it was observed
that DSPs-Ca did not damage the organs of mice, did not
affect the normal development of mice, and was not found to
have toxic effects on mice.

3.10. Measurement of serum biochemical indices

The key biochemical indicators related to bone growth that
also assess calcium absorption are serum Ca, P and alkaline
phosphatase. Calcium and phosphorus play a huge role in
normal physiological processes in the body, and serum
calcium and phosphorus levels are closely linked and regu-
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lated by each other. If there is an imbalance between the two,
it may lead to bone disease. When the body is in a state of
calcium deficiency, serum calcium levels decrease.’® As seen
in Fig. 5C, serum calcium levels were significantly decreased
in the low-calcium mice (P < 0.05). It may be that long-term
low calcium intake led to severe calcium deficiency in mice.
But there was a certain degree of increase in serum calcium
levels when DSPs-Ca was ingested, which proved the pro-
calcium absorptive ability of DSPs-Ca. As seen in Fig. 5D, there
was no significant difference (P > 0.05) in the serum P content
of the mice in each group. Alkaline phosphatase (ALP) is a
bone formation marker that reflects osteoblast activity and the
bone formation status. ALP activity was negatively correlated
with calcium intake, and the serum ALP level was significantly
higher in the LC group compared with the NC group (P < 0.05);
the DSPs-Ca-H, DSPs-Ca-L, and CC groups all reduced the
serum ALP level to varying degrees compared with the LC
group (P < 0.05), whereas the ALP level of DSPs-Ca-H was
closer to that of the NC group (Fig. 5E). Therefore, DSPs-Ca
could have a certain role in promoting calcium absorption.

3.11. Femoral indicators

Bone calcium content is an important indicator for evaluating
bone quality. When calcium is deficient, the body’s calcium
balance is disrupted. Calcium is lost from the bones, impair-
ing bone quality.”® In order to evaluate the effectiveness of
DSPs-Ca in promoting bone calcium deposition more intui-
tively, the femur length and femur dry weight were also
measured. As can be seen from the femur length measure-
ments in Fig. 5F, the femur lengths of the DSPs-Ca-H, DSPs-
Ca-L, and CC groups were slightly longer compared to the LC
group, but there was no significant difference (P > 0.05). It has
also been shown that in most cases, the diet does not alter
macrostructural characteristics such as femur length.>® As
shown in Fig. 5G and H, the femoral shaft weight and bone
calcium content in the LC group were significantly lower than
those in the NC group (P < 0.05). The femur dry weight in the
DSPs-Ca-H, DSPs-Ca-L and CC groups was significantly higher
than that in the LC group (P < 0.05), but there was no signifi-
cant difference between the three groups. The bone calcium
content in the DSPs-Ca-H, DSPs-Ca-L and CC groups was sig-
nificantly higher than that in the LC group (P < 0.05), and
there was no significant difference between the DSPs-Ca-H
group and the CC group (P > 0.05). These results indicated that
supplementation of DSPs-Ca could promote bone calcium
absorption and calcification in the state of low calcium.

3.12. Morphological observation of bone tissue

HE staining of samples stained with hematoxylin and eosin
can clearly identify the morphologic structure of tissues,
which can play an auxiliary role in exploring the effects of
DSPs-Ca on calcium absorption and bone deposition in
mice.>® Thus, the femur sections of the mice in each group
were stained to observe the microstructure and growth of the
bone. HE staining showed that the trabeculae of the bone
samples in the NC group were coarse, tightly structured, neatly

This journal is © The Royal Society of Chemistry 2024
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aligned, and had good continuity, showing a reticular distri-
bution, whereas in the LC group, the degree of separation
increased, the trabeculae were severely fractured, and the con-
necting interruptions of the trabeculae were markedly
increased, with the trabeculae being sparsely distributed.
Compared with the LC group, mice in the DSPs-Ca-H group
had significantly more bone trabeculae, more connections,
narrower gaps between trabeculae, and denser structures. The
trabecular bone of the DSPs-Ca-L group was clear but discon-
tinuous. The bone trabeculae of the CC group were thick, dis-
continuous and densely distributed (Fig. 6A). As a result, low
calcium could cause changes in the structure of trabecular
bones, which could be improved to varying degrees with
calcium supplementation.

3.13. Micro-CT analysis

In the field of bone tissue research, micro-CT enables 2D and
3D image observations of bone morphological changes to
characterize bone growth and development levels. At the same
time, it is used to study the quantitative indexes and micro-
scopic changes of bone structure and bone density, and is a
powerful tool for monitoring calcium deposition in bone.>" As
shown in Fig. 6B, we can see the changes in femoral micro-
structure observed in micro-CT 3D/2D reconstruction images
for different groups. The bone trabeculae of mice in the NC
group showed a dense meshwork and their structure was
intact. However, the microstructure of bone trabeculae in the
mice in the LC group was altered, and their structure was
severely damaged and became looser. The trabecular bone
structure of mice supplemented with DSPs-Ca-H, DSPs-Ca-L
and CC was improved to varying degrees.

Bone mineral density (BMD) is an essential marker of bone
quality, reflecting the degree of osteoporosis and an important pre-
dictor of fracture risk.”®> As shown in Fig. 7A, the BMD of mice in
the LC group was significantly lower (556.30 + 4.21 mg cm™, P <
0.05) compared with that of mice in the NC group (618.23 +
8.16 mg cm ™). The BMD was 600.51 = 3.13, 570.69 + 4.95 and
575.72 + 8.82 mg cm ™ in the DSPs-Ca-H, DSPs-Ca-L and CC
groups, respectively, and was significantly higher in the DSPs-Ca-H
group than in the DSPs-Ca-L and CC groups (P < 0.05). Although
the BMD in the CC group was slightly higher than that in the
DSPs-Ca-L group, there was no significant difference (P > 0.05).
Therefore, DSPs-Ca could be more effective than CaCO; in enhan-
cing bone mineral density and thereby improving bone quality.

Bone volume fraction (BV/TV) is a commonly used index for
evaluating cancellous bone mass. For intramural cancellous
bone, this ratio can reflect the trabecular bone mass of
different samples. An increase in this ratio indicates that bone
anabolism is greater than catabolism, resulting in an increase
in bone mass, and vice versa. Thus, it can indirectly reflect the
status of bone metabolism. The trabecular number (Tb.N), tra-
becular thickness (Tb.Th), and trabecular separation (Tb.Sp)
were calculated from the microstructure of the trabeculae,
which are the main indexes for evaluating the spatial mor-
phology and structure of the trabeculae. When bone catabo-
lism is greater than bone anabolism, such as in the case of
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the femur in each group of mice.

osteoporosis, the values of Tb.Th and Tb.N decrease, and the
value of Tb.Sp increases.>® As shown in Fig. 7B, C and D, BV/
TV, Tb.Th, and Tb.N were significantly lower in the LC group
compared with the NC group (P < 0.05). The DSPs-Ca-H, DSPs-
Ca-L and CC groups were significantly higher compared to the
LC group. In addition, the values of BV/TV, Tb.Th and Tb.N
were significantly higher in the DSPs-Ca-H group than in the
DSPs-Ca-L and CC groups. As can be seen in Fig. 7E, Tb.Sp
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DSPs-Ca-L CC

(A) Morphologic observation of the bone tissue at X100 magnification and (B) three-dimensional and two-dimensional micro-CT images of

was significantly higher (P < 0.05) in mice in the LC group
compared to the NC group. Those in the DSPs-Ca-H, DSPs-Ca-
L and CC groups were all significantly lower compared to the
LC group. In addition, the values of Tb.Sp in the DSPs-Ca-H
group were significantly lower than those in the DSPs-Ca-L
and CC groups. These results suggest that bone microstruc-
tural degeneration caused by calcium deficiency can be ame-
liorated by supplementation with DSPs-Ca.

This journal is © The Royal Society of Chemistry 2024
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(E) trabecular separation (Tb.Sp) analyses in each group of mice. Expression of genes responsible for calcium uptake-related genes in the kidneys
determined by qRT-PCR. (F) TRPVS5; (G) TRPV6; (H) CaBP-D9K; (I) PMAC1b; and (J) possible mechanisms by which DSPs-Ca promote calcium
absorption. Different letters indicate significant differences between the groups (P < 0.05).
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3.14. Gene expression of the corresponding receptors in the
kidneys of the mice

Calcium is an important component of bone tissue, and its
associated regulatory factors can play a role in bone formation
and bone resorption through changes in calcium concen-
tration, and the process of bone metabolism is to a greater
extent the process of calcium metabolism.>” Among them, the
regulation of calcium by the kidneys is an important link to
calcium metabolism. Calcium uptake in the kidneys can be
mediated by the transepithelial calcium channel genes transi-
ent receptor potential cation channel subfamily V. member 5
and 6 (TRPV5, TRPV6), the calcium-binding protein-D9k
(CaBP-D9k) and a calcium pump (plasma membrane Ca-
ATPase, PMCA1b) co-mediated. TRPV5 and TRPV6 are impor-
tant channels for Ca*" transcellular transport, and both of
them are distributed in the kidneys. After entering the apical
part of epithelial cells through TRPV5 or TRPV6, Ca*>* binds to
CaBP-DOK and diffuses to the basement membrane, and then
calcium ions are transported out of the cell through
PMCA1b.>®* We examined the expression of these genes by
extracting RNA from the kidney samples from the mice using
gRT-PCR, and there were differences in mRNA expression
levels in these samples. As shown in Fig. 7F-1, the DSPs-Ca-H
group showed significant elevation of the expression of these
genes in low-calcium mice compared with the LC group (P <
0.05), suggesting that this may be a role of the peptide-
calcium chelate. This process may be that DSPs-Ca promotes
the ability of related channels to absorb calcium by up-regulat-
ing the expression of epithelial calcium channel genes. It is
suggested that DSPs-Ca could regulate the opening and mRNA
expressions of TRPV5 and TRPV6 channels and regulate
calcium ion absorption. Calcium enters and binds to
CaBP-D9k. Finally, calcium ions can be released outside the
cell via PMCA1b (Fig. 7]).

4. Conclusions

Overall, this study utilized Nano LC-MS/MS analysis to
measure the amino acid sequences of peptides to provide
peptide raw materials with more structural and compositional
clarity for the development of peptide-calcium chelate sup-
plements. Structural characterization of deer sinew peptides
by SEM, EDS, UV-vis, FTIR, fluorescence spectroscopy, and
zeta potential analysis revealed that they combined with Ca**
to form a new substance. Furthermore, DSPs-Ca promoted the
proliferation of MC3T3-E1 cells in vitro without toxic side
effects. Analysis of the in vivo studies showed that DSPs-Ca
affected serum markers and ameliorated changes in the bone
microstructure caused by calcium deficiency, as well as up-reg-
ulating the expression of genes responsible for calcium absorp-
tion (Trpv5, Trpve, CaBP-d9k, PMCA1lb) in the kidneys.
However, this study is limited in exploring chelates for calcium
absorption and further of which exact mechanisms are needed
in the future. In conclusion, DSPs-Ca could have potential in
the development of new calcium supplements.
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Abbreviations

DSPs Deer sinew peptides

DSPs-Ca Deer sinew peptide-calcium chelate

Micro-CT  Micro-computed tomography

NC Blank control group

LC Low-calcium model group

DSPs-Ca-H Deer sinew peptide-calcium chelate high-dose
group

DSPs-Ca-L. Deer sinew peptide-calcium chelate low-dose
group

CC Calcium chloride group
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