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ARTICLE INFO ABSTRACT

Keywords: Oxidative stress plays a crucial role in the development of osteoporosis. In this study, it was
Donkey bOI}e collagen observed that donkey bone collagen (DC) at a concentration of 500 pg/mL scavenged 17.89 % of
Osteoporosis 1,1-Diphenyl-2-picrylhydrazyl (DPPH) free radicals, indicating its antioxidant properties. Addi-
gzi?;gz:nsttress tionally, when an oxidative damage osteoblast model was created using H202, 100 pg/mL DC
Polypeptides demonstrated the ability to enhance cell survival by 27.31 %. Furthermore, 50 pg/mL DC

increased the intracellular differentiation marker alkaline phosphatase (ALP) level by 62.65 %.
Additionally, the study revealed that DC significantly increased the expression of osteoporosis-
related factors in serum and effectively restored the abnormal structure of spongy bone in mice
osteoporosis model. Peptides (GGWFL, ANLGPA, and GWFK) isolated from DC through gastro-
intestinal digestion and subsequent enzymatic purification in vitro demonstrated the ability to
safeguard osteoblasts from HzOg-induced damage by reducing intracellular reactive oxygen
species (ROS). This protection resulted in enhanced cell survival and promoted osteoblast dif-
ferentiation. This investigation underscores that DC can shield oxidative damage osteoblast model
from oxidative stress, ameliorate osteoporosis, and enhance bone density in mice osteoporosis
model. These findings suggest various DC applications in the food and medicine industries.

1. Introduction

The skeletal environment operates as a stable system under the regulations of osteoblasts, osteocytes, and osteoclasts, which
continuously remodel it to mend micro-damage and respond to mechanical and metabolic demands [1]. The main underlying cause of
osteoporosis is the disruption of this steady-state environment, leading to diminished bone formation, elevated bone resorption, and,
ultimately, decreased bone density [2]. The prevalence and economic impact of osteoporosis are expected to increase in the coming
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years, with most patients being women [3]. Compared to conditions like myocardial infarction, stroke, and breast cancer, osteoporosis
has a higher incidence rate among women, imposing a significant burden on families and society at large [3,4]. Osteoporosis is often
described as a silent disease with no apparent clinical signs in its early stages [5]. However, as the condition progresses, changes in the
patient’s bone microstructure can lead to pain and gradually impede daily life [1]. Therefore, it is crucial to focus on the prevention,
early detection, and timely treatment of osteoporosis [1,6].

Many studies have demonstrated a strong connection between oxidative stress and osteoporosis. An intermediary redox state may
suggest a synchronised interaction among osteoblasts, osteoclasts, and osteocytes, maintaining a balanced bone metabolism [7]. The
equilibrium in bone metabolism can be disrupted by aging, estrogen deficiency, radiation exposure, chronic inflammation, and various
other influences [7-9]. Among elderly individuals diagnosed with primary osteoporosis, there is a notable elevation in oxidative stress
levels [10]. Furthermore, in patients with postmenopausal osteoporosis, a significant and inverse correlation exists between the
oxidative stress index and bone density of the lumbar spine and femoral neck [11]. An excessive burden of reactive oxygen species
(ROS) can impair cell differentiation, resulting in osteoblastic dysfunction, diminished bone formation, and, ultimately, bone loss [8,
9]. Reports indicate that superoxide anions generated by osteoclasts can break down bone matrix proteins even without enzymes,
which renders bone matrix proteins vulnerable to degradation by associated enzymes [12]. Antioxidants enhance osteoporosis
treatment by either neutralising the effects of oxidants or fostering osteoblastic differentiation while inhibiting osteoclast differenti-
ation [13].

Collagen is a structural protein that forms the foundation of the extracellular matrix, boasting a triple helix structure, and it is
abundant in various body parts, such as the skin, tendons, bones, ligaments, and numerous organs [14]. Collagen exhibits a range of
biological functions, including antioxidant, antihypertensive, anti-inflammatory, immune regulation, wound healing, and more [14].
Because of these properties, it finds extensive applications in food, nutrition, health, cosmetics, materials, textiles, and beyond [15].
Recent reports have indicated that the supplementation of collagen and peptides can enhance bone quality, bone mineral density, bone
microstructure, and bone metabolism in rats with surgical-induced ovarian removal [16]. This supplementation has demonstrated the
ability to impede bone loss and act as a preventive measure against osteoporosis [16,17].

China possesses abundant animal bone resources, and these bones are notably rich in collagen, comprising approximately 80 %-90
% of their composition [18]. The effectiveness of collagen peptides is influenced by several factors, including their amino acid
composition, hydrophobicity, molecular weight, structure, and other physical and chemical properties [19]. The collagen peptides’
capacity to chelate and neutralise free radicals is intimately connected to the presence of certain amino acids such as Ala, Gly, Pro, Cys,
Tyr, and Met [20,21]. It has been found that collagen peptides from cod skin can have the potential to attenuate oxidative stress, thus
reversing osteoblast dysfunction and mitigating osteoporosis [22]. Additionally, bone collagen and its hydrolysed peptides have
effectively improved osteoporosis [17,18].

In recent years, the utilisation rate of bone collagen from animals like pigs, cattle, sheep, and others has experienced a decline. This
decrease in attributed factors such as disease outbreaks like avian influenza, foot-and-mouth disease, mad cow disease, and religious
considerations [18]. Conversely, the utilisation of bone collagen sourced from aquatic animals like fish, squid, and jellyfish has
increased [18]. Nevertheless, the relatively low levels of proline and hydroxyproline in collagen from aquatic animals result in reduced
thermal stability, limiting the potential application of marine animal collagen [23].

Donkey bones are a valuable source of collagen; however, they are often discarded as by-products when processing other donkey
products like donkey skins and donkey meat. This leads to significant environmental pollution and represents a waste of valuable
resources [24]. Previous research has demonstrated that collagen extracted from donkey bones can efficiently neutralise DPPH free
radicals and hydroxyl radicals, showcasing specific antioxidant properties, and it has shown promise in improving osteoporosis [24,
25]. This study aimed to explore the potential anti-osteoporosis properties of donkey bone collagen (DC) isolated from discarded
donkey bone and its antioxidant constituents on in vitro and in vivo osteoporosis models. This study offers fresh insights into the
development and utilisation of donkey bone resources and serves as a stepping stone for future investigation into antioxidant and
anti-osteoporosis medications.

2. Materials and methods
2.1. Materials

Donkey leg bones (Dezhou donkey) were procured from Dong-E-E-Jiao Co., Ltd., Liaocheng, China. MC3T3-E1-subclone 14 cells,
derived from mice cranial parietal pre-osteocyte, were acquired from Chunmai Biotechnology, Shanghai, China. KM mice were
purchased from Chengdu Dashuo Laboratory Animal Co., Ltd. (SCXK (Chuan) 2020-030). Common maintenance feed was sourced
from Keao Xieli (Tianjin) Feed Co., Ltd. Low calcium feed was purchased from Xiaoshu Youtai (Beijing) Biotechnology Co., Ltd. (SCXK
(Beijing) 2018-0006).

The following materials and reagents were acquired from Beijing Solarbio Science & Technology Co., Ltd., Beijing, China: EDTA-
Nay, flavourzyme (endopeptidases, exopeptidases), high-sugar DMEM medium, phosphate-buffered saline (PBS), ascorbic acid, so-
dium B-glycerophosphate, dexamethasone, DEAE-52 cellulose, L-Glutathione (Reduced, GSH), and 2'-Azinobis-(3-ethylbenzthiazoline-
6-sulphonate) (ABTS). Fetal bovine serum (FBS) was obtained from Zhejiang Tianhang Biotechnology Co., Ltd., Huzhou, China.
Penicillin-streptomycin, N-Acetyl-L cysteine (NAC), and CCK-8 solution were received from Genview Scientific Inc., Florida, USA. The
BCA kit, DCFH-DA solution, BCIP/NBT dyeing solution, ALP kit, and malondialdehyde (MDA) kit were obtained from Beyotime
Biotechnology Co., Ltd., Nanjing, China. Paraformaldehyde (4 %) was obtained from Servicebio Technology Co., Ltd., Wuhan, China.
p-galactose and potassium persulfate were received from Macklin Biochemical Technology Co., Ltd., Shanghai, China. Osteoprotegerin
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(OPG) Kkit, osteocalcin (OCN) kit, tartrate-resistant acid phosphatase (TRAP) kit, and superoxide dismutase (SOD) kit were obtained
from Mlbio Biotechnology Co. Ltd., Shanghai, China. Sephadex G25 was sourced from GE Healthcare, Sweden. The protein marker was
procured from SMOBIO. DPPH was obtained from Aladdin Biochemical Technology Co., Ltd., Shanghai, China. ANLGPA (AA-6)
peptide, HYFL (HL-4) peptide, PAEGPA (PA-5) peptide, KLLHA (KA-5) peptide, HVPNA (HA-5) peptide, GGWFL (GL-5) peptide, and
GWFK (GK-4) peptide were received from Baige Pharmaceutical Technology Co., Ltd., Hangzhou, China. All other reagents were
purchased from Sinopharm Chemical Reagents in Shanghai, China.

2.2. Methods

2.2.1. Extraction and characterization of donkey collagen

A sequence of solutions, including 0.1 M NaOH, n-hexane, and 0.25 M EDTA-Na, (pH 7.4), was added to the cleaned donkey bone
block in a 5:1 (v/w) ratio to remove non-collagen elements, lipids, and calcium salts from the donkey bone. Afterward, distilled water
was added to 10 times the donkey bone’s weight. The mixture was stirred in an oil bath at 140 °C for 3 h. After cooling, flavourzyme
was added at a mass ratio of 0.1 % (enzyme to mixture), and the collagen solution was obtained by subjecting it to enzymatic digestion
at 60 °C for 1 h, followed by enzyme inactivation at 140 °C for 1 h. The donkey bone collagen (DC) was subsequently separated by
centrifugation of the supernatant and then freeze-dried. Finally, the concentration of protein in DC was determined using a BCA Kkit,
and the structure properties of DC were analysed through UV, IR, and SDS-PAGE.

2.2.2. Invitro cell experiments

2.2.2.1. Cell viability assay (CCK-8). In the experiment, a complete medium was prepared, consisting of a high-sugar DMEM medium
supplemented with 10 % fetal bovine serum and 1 % penicillin-streptomycin. MC3T3-E1 cells in their logarithmic growth phase were
then seeded into a 96-well plate at a density of 1 x 10* cells/well. After cell attachment, fresh media containing various DC con-
centrations (150, 100, 50, 20, 10, and 5 pg/mL, 100 pL/well) were added to 96-well plates and incubated at 37 °C for 24 h. Then, the
medium was removed, and the 96-well plate underwent two washes with fresh medium. Subsequently, fresh medium (100 pL/well)
was added, followed by a CCK-8 reaction solution (10 pL/well). Subsequently, the plate was incubated for 1-2 h in a light-free
environment. After incubation, the absorbance at 450 nm was measured using a microplate reader.

2.2.2.2. Establishment of oxidative damage cell model. MC3T3-E1 cells in the logarithmic growth phase were seeded into a 96-well plate
ata density of 1 x 10* cells/well. They were then placed in a cell incubator for 6-8 h to allow for adherence. After this initial adherence
period, the cells were incubated for 24 h. The old medium was discarded, and fresh medium with different HoO; concentrations (800,
700, 600, 500, 400, 300, 200, 100, 50 pmol/L) was added to the plate (100 pL/well) and incubated for 4 h. After incubation, the plate
was washed twice with fresh medium. Finally, the fresh medium was added to the 96-well plate (100 puL/well). Cell survival rate was
then measured using a CCK-8 solution.

2.2.2.3. Protective effect of DC on oxidative damage cell model. MC3T3-E1 cells in the logarithmic growth were seeded into a 96-well
plate at a density of 1 x 10 cells/well. After the cells had adhered to the well, fresh media containing different concentrations of DC
(150, 100, 50, 20, 10, and 5 pg/mL, 100 pL/well) were introduced. The plate was then incubated at 37 °C for 24 h, and a fresh medium
containing H>03 (300 pmol/L, 100 pL/well) was added. The mixture was incubated for 4 h. Afterward, the medium was discarded, and
the 96-well plate underwent two washes with fresh medium. Finally, fresh medium (100 pL/well) was added, and the cell survival rate
was determined using a CCK-8 solution.

2.2.2.4. Detection of intracellular ROS. This experiment employed a 12-well cell plate with a seeding density of 1 x 10° cells/well. The
DC concentrations were 100, 50, and 20 pg/mL. The initial steps of intracellular ROS detection followed the same protocol as in the
earlier experiment, which investigated the protective effects of DC on the oxidative damage cell model. After discarding the old
medium containing Hy0O5 following a 4 h incubation, the MC3T3-E1 cells underwent two washes with fresh medium. Then, a DCFH-DA
solution (at 10 pmol/L in serum-free medium, 1 mL/well) was added. The 12-well plate was incubated in a darkened cell incubator for
20-30 min. In the subsequent step, the cells were collected, washed 2 to 3 times with PBS to eliminate any excess DCFH-DA solution,
and resuspended in PBS. The levels of ROS in each group were assessed using a flow cytometer (FITC channel).

2.2.2.5. Qualitative detection of intracellular ALP. To prepare the osteoblast differentiation medium, ascorbic acid (50 pg/mL), sodium
B-glycerophosphate (10 mmol/), and dexamethasone (100 nmol/L) were added to the complete medium. Cells of the logarithmic
growth stage were seeded into a 12-well plate at a density of 1 x 10 cells/well. Once the cells had adhered to the well, the old medium
was removed, and the fresh complete medium was added to the blank control well, the osteoblast differentiation medium was added to
the differentiation culture control well and the oxidative damage model control well, and the differentiation medium containing DC
(50 pg/L) was added to the DC treatment group, and the differentiation medium containing NAC (163 pg/mL) was added to the
positive control well (1 mL/well). The medium was changed every 2-3 days and maintained 7 days. Subsequently, the medium was
removed, and 300 pmol/L HyO, was added to the 12-well plate (1 mL/well). The mixture was then incubated in a cell incubator for 4 h.
After the incubation, the old medium was discarded, and the 12-well plate underwent two washes with PBS. After washing, 4 %
paraformaldehyde was added to each well of the 12-well plate (500 pL/well). The cells were fixed at 4 °C for 15 min. The



J. Wang et al. Heliyon 10 (2024) e23531

paraformaldehyde was discarded, and the plate was rinsed twice with deionised water to remove the residual paraformaldehyde. An
appropriate amount of BCIP/NBT dyeing solution was added to each well of the 12-well plate (enough to cover the bottom) to complete
the process. The plate was then incubated at room temperature away from light until the desired color developed was achieved. Once
the color had developed to the expected level, the dyeing solution was removed, and the 12-well plate was washed 1 to 2 times with
distilled water. The staining results were photographed and recorded by microscope and camera.

2.2.2.6. Quantitative detection of intracellular ALP. The initial steps of the experiment reflected those used in the qualitative detection
of intracellular ALP indicated earlier. After washing the 12-well plate with PBS, the cells were lysed in the lysate solution (the lysate
should not contain phosphatase inhibitors), and then the cells were harvested using a cell scraper. The next step involved the collection
of the supernatant through centrifugation, followed by quantifying ALP content in each group using the ALP quantitative detection kit.

2.2.3. In vivo experiments

The animal experiments adhered to the guidelines established by the National Institute for the Care and Use of Laboratory Animals.
All experimental procedures received approval from the Laboratory Animal Ethical and Welfare Committee at Shandong University
Cheeloo College of Medicine. The ethical approval number of these animal experiments is SYXK(Lu): 20190005.

An animal model of osteoporosis with oxidative stress was established by administering p-galactose (D-Gal) with a low-calcium diet
[27]. To assess the success of osteoporosis modeling, bone mass and bone histopathology were used as evaluation criteria [26,27].
After 5 days of adaptive feeding, fifty female KM mice (weighing 34.48 + 1.37 g) were randomly divided into five groups: the blank
group (Con), the model group (D-Gal), the DC low-dose group (DC 0.6), the DC medium-dose group (DC 1.2), and the DC high-dose
group (DC 2.4), each consisting of 10 mice. In the blank group, mice had a standard maintenance diet containing 1 %-1.8 % calcium.
They received subcutaneous injections of normal saline (1 mL/kg b.w.) and were administered distilled water by gavage (2 mL/kg b.
w.) daily for 20 days. For the other groups, mice were subcutaneously injected with a 12.5 % p-galactose solution (1 mL/kg b.w.) in the
back of the mouse near the neck and were fed a low-calcium diet containing 0.1 % calcium daily for 20 days. The DC low, middle, and
high dose groups received doses of 0.6 g/kg, 1.2 g/kg, and 2.4 g/kg, respectively, based on their body weight, and this was admin-
istered by gavage (2 mL/kg b.w.) daily for 20 days.

Following the final intragastric administration, the mice underwent a 12-h fasting period, during which their last recorded weights
were measured. Initially, blood samples were collected from the mouse’s socket. After that, the mice were sacrificed by stripping their
necks. Subsequently, the heart, liver, spleen, lung, and kidney were dissected, and their respective weights were recorded. Following
this, the right femur was carefully extracted and preserved in tissue fixative, with special attention paid to preserving the integrity of
the distal femoral trabecular bone.

Mice blood samples were utilised to assess various bone turnover indicators, including osteoprotegerin (OPG), osteocalcin (OCN),
tartrate-resistant acid phosphatase (TRAP), and oxidative stress indexes malondialdehyde (MDA), and superoxide dismutase (SOD).
Additionally, the right femur underwent micro-computed tomography (Micro CT, Bruker, Germany) analysis to evaluate the bone
mineral density and microstructure of the mice. Micro CT analysis utilised the following conditions: 18 pm resolution, 50 kV voltage,
455 pA current, 265 ms exposure time. CTvox software was employed for the 3D reconstruction of bone tissue. CTAn software was used
to quantitatively analyse bone parameters, including bone mineral density, bone volume fraction, trabecular thickness, trabecular
space, trabecular number, and trabecular pattern factors.

2.2.4. Invitro simulated gastrointestinal digestion of DC

2.2.4.1. Invitro simulated gastrointestinal digestion. 1 g of DC was dissolved in 75 mL distilled water. Following this, 28.57 mg of pepsin
was added at a ratio of 1:35 (enzyme to protein, w/w). The pH was then carefully adjusted to 2.00 + 0.02, and the mixture was
subjected to shaking for 1 h at 37 °C and 150 rpm/min. Subsequently, the pH was adjusted to 7.00 + 0.02 to end the pepsin reaction.
Then, 75 mL of distilled water was introduced, and 40 mg of trypsin was added at a ratio of 1:25 (enzyme to protein, w/w). The mixture
was shaken for 2 h at 37 °C and 150 rpm/min. To terminate the reaction, the reaction solution was subjected to a 15-min heating in a
boiling water bath and then centrifuged at 8000 rpm/min for 15 min. The resulting supernatant, the enzymatic hydrolysate of DC
(DCH), was collected for freeze-drying, and the protein content of DCH was assessed using the BCA kit.

2.2.4.2. Isolation and purification of DCH. DCH underwent a series of separation and purification steps, including ultrafiltration, anion
exchange chromatography using DEAE-52 (dimensions: 3.5 cm x 13 cm), gel filtration chromatography using G-25 (dimensions: 3 cm
x 100 cm), and reversed-phase high-performance liquid chromatography (HPLC, C-18, dimensions: 4.6 mm x 250 mm). These
processes aimed to isolate and purify specific components. The screening of the component with the most potent antioxidant activity
was based on its ability to scavenge DPPH free radicals.

Three components (DCH-a, DCH-b, and DCH-c) of varying molecular weights were initially obtained via ultrafiltration (MW: 3 kDa
and 10 kDa). DCH-c, possessing higher scavenging activity, was selected for subsequent purification. DCH-c was then purified using a
DEAE-52 cellulose anion exchange column and eluted stepwise with distilled water, as well as NaCl solutions at concentrations of 2
mM, 5 mM, 10 mM, 50 mM, and 100 mM. The purification process involved a flow rate of 5 mL/min, with detection at 214 nm. Five
components were separated and collected: DCHc-A, DCHc-B, DCHc-C, DCHe-D, and DCHc-E. Among these, DCHc-A exhibited higher
scavenging activity and underwent further purification using G-25 gel size exclusion chromatography. This purification was carried
out with distilled water as the eluent at a flow rate of 2 mL/min, with detection at 214 nm. Four components were obtained and named
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DCHcA-1, DCHcA-2, DCHcA-3, and DCHcA-4. Subsequently, DCHcA-3 was purified using an HPLC column. Distilled water was used as
phase A, and acetonitrile was employed as phase B. A gradient elution was conducted, transitioning from 5 %-30 % phase B, with a
flow rate of 0.4 mL/min for 20 min. Fractions showing absorbance at 214 nm were collected freeze-dried, isolating two components,
DCHcA3-a and DCHcA3-f. DCHcA3-a, displaying superior scavenging activity, was selected for mass spectrometry sequencing.
Peptides derived from DCHcA3-a were synthesised via solid-phase synthesis, and their purity was assessed using HPLC.

2.2.4.3. Prediction of isoelectric points. The isoelectric points of the peptides were forecasted and assessed using the online protein
analysis tool ProtParam, available at http://web.expasy.org/protparam.

2.2.4.4. Scavenging activity of DPPH radicals. A mixture was prepared by combining 125 pL of ethanol containing DPPH radicals (0.02
%) with 500 pL of the products obtained during purification. The mixture was then incubated in the dark at room temperature for 1 h,
after which the absorbance (As) of the samples was measured at 517 nm. A control group, A, was used as the blank without any
sample, while GSH was the positive control. The inhibition rate of each sample towards DPPH free radical was calculated using Eq. (1).

Clearance rate (%) = (1 - AJA.) x 100% (€9)]

2.2.4.5. Scavenging activity of hydroxyl radicals. Polypeptides, synthesised using 100 pL through solid-phase synthesis, were mixed
with 30 pL of an 8 mmol/L FeSO4 solution, 100 pL of 3 mmol/L salicylic acid solution, and 25 pL of 20 mmol/L H205 solution. The total
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volume was then brought to 300 pL by adding distilled water. The reaction occurred at 37 °C for 30 min, after which it was allowed to
cool to room temperature and subjected to centrifugation at 3000 rpm/min for 10 min. The absorbance of the sample was assessed at
510 nm (A;) using the supernatant. For a negative control (Az), only the sample was used without adding H,O5, while a blank control
(Ap) was obtained in the absence of the sample. GSH served as the positive control. The scavenging rate of hydroxyl radicals for each
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0.001; the experimental group compared with the blank group *P < 0.05, *#P < 0.01, *##P < 0.001; the experimental group compared with the
model group *P < 0.05, **P < 0.01, ***P < 0.001.
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sample was calculated using Eq. (2).

Clearance rate (%) = [1 - (A1-A2)/Ag] x 100% (2)

2.2.4.6. Scavenging activity of ABTS cations. Initially, a mixture was prepared by combining 5 mL of 7 mmol/L stock solution 2'-
Azinobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS) with 5 mL of a 2.45 mmol/L potassium persulfate solution. This mixture was
left in a dark room at room temperature for 16 h to generate an ABTS cationic solution. The ABTS cationic solution was diluted with 5
mmol/L PBS until the absorbance at 734 nm fell within the range of 0.70 + 0.02. Following this, 100 pL of the solid-phase synthesised
polypeptides were combined with 100 pL of the ABTS cationic solution and incubated at room temperature for 10 min. Each sample
group’s absorbance (Ag) was determined at 734 nm using a microplate reader. A control group without any sample, A., was used as a
blank reference, and GSH was employed as the positive control. The scavenging rate of each sample against ABTS cations was
determined using Eq. (1).

2.2.4.7. Scavenging activity of superoxide anions. A mixture was prepared by combining the following components with the sample (all
the solid-phase synthesis polypeptides, 50 pL): Nitrotetrazolium Blue chloride (50 pL, 72 pM), B-Nicotinamide adenine dinucleotide
(50 pL, 338 pM), and phenazine methosulfate (50 pL 30 pM). The mixture was incubated for 5 min at room temperature. Subsequently,
the absorbance (A;) of the samples at 560 nm was measured. A blank group, devoid of any sample, was employed as the blank control
(A.), and GSH served as the positive control. The scavenging rate of ABTS cations for each sample was calculated using Eq. (1).

2.2.5. Statistical analysis

All experimental results were presented as Mean + SD (standard deviation). Data processing and analysis were conducted using
statistical software such as Excel, SPSS 22.0, and Image J. Group comparisons were carried out using one-way ANOVA. Fisher’s least
significant difference (LSD) method was employed for multiple comparisons between groups. Graphical analysis and visualisation
were performed using GraphPad and Origin 2020 software tools.

3. Results and discussion
3.1. Characterization of DC

DC was extracted from donkey bone using an enzymatic method at high temperatures. The protein content in DC was determined to
be 56 %, and DC exhibited its highest UV absorption at 228 nm (Fig. 1A), a characteristic absorption peak associated with collagen
[28]. Notably, no distinct protein bands were observed within the range of 5 kDa and 245 kDa (Fig. 1B), and DC appeared a diffuse
distribution. During the extraction of DC at elevated temperatures, the hydrogen bonds within the molecule undergo disruption,
leading to the practical destruction of the triple helix structure. Consequently, this results in varying relative molecular masses of the
polypeptide chains, causing DC to exhibit a dispersed relative molecular mass distribution. The infrared absorption spectrum of DC
(Fig. 1C) indicates prominent bands, denoted as amide bands A (3397.49 cm_l), B (2935.07 cm‘l), 1(1647.47 cm_l), I (1540.52
em™), and III (1238.54 cm™Y). Typically, the free N-H group exhibits stretching vibrations within the range of 3400-3440 cm .
However, when the N-H groups within the peptide engage in hydrogen bonding, the wavenumber shifts to a lower frequency. In this
case of DC, the absorption of amide band A is observed at 3397.49 cm ™!, indicating that certain N-H groups within DC are involved in
forming hydrogen bonds. The appearance of amide band I in the range of 1600-1700 cm ™! primarily corresponds to G-O stretching
vibration and is associated with the secondary structure of collagen. The absorption wavenumber of DC in this range signifies the
presence of gelatin with a distinct coil conformation. The amide II bands, found within the wavenumber range of 1500-1600 cm™?,
arise from C-N stretching vibrations and N-H bending. Lower wavenumbers in the amide II bands indicate a greater prevalence of N-H
hydrogen bonds and a higher degree of structural order. The absorption of the amide III band is associated with the content of col-
lagen’s Gly, Pro, and Hyp within collagen. DC’s distinctive absorption peak sets it apart from other proteins, primarily due to C-N
stretching and N-H bending vibrations linked to the CHy group in the Gly main chain and Pro side chain. This unique spectral feature
reflects DC’s partial retention of triple-helical structures and a specific degree of structural order.

3.2. Effect of DC on oxidative damage osteoblasts model

In this study, we generated an oxidative damage model for osteoblasts to investigate whether DC can protect osteoblasts from
oxidative stress. Initially, it was confirmed that DC at concentrations ranging from 5 to 150 pg/mL did not exhibit any harmful effects
on MC3T3-E1 cells, as shown in Fig. 2A. This allowed us to proceed with subsequent activity assays. Furthermore, H,O, was selected as
an inducer of cellular oxidative stress damage due to its chemical reactivity and efficient cell penetration and exit capabilities, making
it an ideal choice [29]. Furthermore, it was observed that HyO, concentrations ranging from 200 to 800 pmol/L substantially reduced
cell viability (P < 0.001), as shown in Fig. 2B. Specifically, following a 4 h exposure to 300 pmol/L, the cell viability decreased to 64.44
%, thus establishing a model of oxidative stress injury in osteoblasts using 300 pmol/L H,0». In the oxidative damage osteoblast model,
pretreatment with DC at concentrations ranging from 5 to 150 pg/mL for 24 h enhanced cell viability, as illustrated in Fig. 2C. Notably,
pretreatment with 150 pg/mL DC elevated cell viability to 84.94 %, a significant improvement compared to HyO, treatment alone (P <
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Fig. 3. Effect of donkey bone collagen (DC) on bone mineral density and bone microarchitecture in mice osteoporosis model. (A) Whole-mount 3D
reconstruction of a mice femur sample. (B) 3D reconstruction of the cancellous region of the distal femur. (C) Changes in Mice Femur Bone Mineral
Density (BMD, mg/m3); (D). Alterations in bone volume fraction (BV/TV, %). (E) Changes in trabecular bone separation (Tb. Sp, mm). (F) Vari-
ations in trabecular bone number (Tb. N, mm™Y). (G) Alterations in trabecular bone pattern factor (Tb. pf, mm™Y). (H) Changes in trabecular
thickness (Tb. Th, mm). Legend signifies the treatment groups: the Con group, the control group received distilled water, underwent subcutaneous
injections of normal saline, and was fed with a standard maintenance diet; D-Gal model, the subjects received oral gavage of distilled water, un-
derwent subcutaneous injection with p-galactose, and were maintained on a low-calcium diet; the administration group was divided into three
subgroups based on the dosage of DC: DC 0.6 g/kg, DC 1.2 g/kg, and DC 2.4 g/kg. These subgroups received DC through oral gavage at doses of 0.6,
1.2, and 2.4 g/kg, respectively, together with subcutaneous injections of p-galactose, and were maintained on a low-calcium diet. Dosing group
Eompared with Con group: *P < 0.05, *#P < 0.01, *##P < 0.001; Dosing group compared with D-Gal group: *P < 0.05, **P < 0.01, ***P < 0.001.

0.01). Subsequent examination of intracellular ROS levels in each group (Fig. 2D) revealed that HyO, treatment led to a notable in-
crease in intracellular ROS levels in MC3T3-E1 cells. Conversely, pretreatment with 20, 50, and 100 pg/mL DC significantly lowered
the intracellular ROS levels (P < 0.05).

To further assess the influence of DC on osteoporosis, cells were cultured in a differentiation medium, and the impact of DC on
osteoblast differentiation was evaluated based on the differentiation marker ALP [30]. Qualitative analysis of ALP level in each group
was performed using the BCIP/NBT chromogenic kit, as shown in Fig. 2E. The staining results were quantified using Image J, as
depicted in Fig. 2F. The HyO»-treated group exhibited lighter ALP staining compared to the differentiation medium alone. In contrast,
the DC-treated group displayed intensified ALP staining and increased ALP levels. These findings suggest that DC possesses distinct
antioxidant properties, which enable it to shield MC3T3-E1 cells from H205-induced damage, enhance cell survival, and mitigate the
abnormally elevated levels of intracellular ROS. Additionally, DC can elevate the bone formation marker ALP levels, stimulate oste-
oblast differentiation, and demonstrate potential as an anti-osteoporosis agent.

3.3. In vivo experiments

3.3.1. Effect of DC on bone mineral density and bone microstructure in mice osteoporosis model

The osteoporosis model was established by combining p-galactose and low-calcium feeding [27]. Bone densitometry, bone his-
tomorphometry, blood and urine biochemical analysis, bone mechanics tests, body weight, gonadal morphology, etc., can be used to
evaluate the success of the osteoporosis model. The primary indicators include bone mass and histopathological alterations [26]. Micro
CT was conducted on the right femurs of the mice to provide a more intuitive observation of their skeletal condition. Micro CT enables
3D imaging analysis of samples without destructive measures and allows for clear differentiation of the trabecular bone structure [31].
When comparing the reconstructed femur image of the mice in the Con group to those in the D-Gal group, a significant reduction in
cancellous bone was evident in the mice from the D-Gal group. The cancellous bone in this group also exhibited cavity, indicating the
successful construction of an osteoporosis mouse model. Additionally, following DC intervention, the cancellous bone content in mice
increased to varying degrees compared to the D-Gal group, suggesting an improvement in osteoporosis to some extent (Fig. 3A/B).

The diagnosis of osteoporosis primarily relies on the measurement of bone mineral density (BMD) to assess the mineral content of
bones. Quantitative analysis of various morphometric parameters of mouse femur is conducted using relevant software. These pa-
rameters include BMD, bone volume fraction (BV/TV), trabecular bone number (Tb. N), trabecular bone thickness (Tb. Th), trabecular
bone separation (Tb. Sp), and trabecular bone pattern factor (Tb. pf). Among these parameters, BMD serves as an indirect indicator of
bone quality and strength. BV/TV, on the other hand, quantifies the ratio of bone tissue volume to the total volume and reflects bone
mass. Increased BV/TV suggests that bone anabolism exceeds catabolism, increasing bone mass. Tb. N, Tb. Th and Tb. Sp are used to
assess the spatial morphology of trabecular bone, Tb. Th represents the average thickness of trabecular bone, while Tb. Sp measures the
width of the trabecular bone space and the average width of the medullary cavity between trabecular bone structures. Tb. pf indicates
the concavity of the trabecular bone surface. This parameter characterises the proportion of lamellar and rod-like structures within the
composition of trabecular bone. In cases of osteoporosis, there is a shift from plate-like to rod-like trabecular bone, increasing this value
[32]. In the D-Gal mice group, BMD (Fig. 3C), BV/TV (Fig. 3D), Tb. N (Fig. 3F) and Tb. Th (Fig. 3H) decreases by 27.27 %, 36.53 %,
25.94 %, and 15.12 %, respectively. Conversely, Tb. Sp (Fig. 3E) and Tb.pf (Fig. 3G) increased by 32.14 % and 33.91 %, respectively.
The reduced bone density led to a decrease in bone mass, and the density of trabecular bone declined. Additionally, the bone structure
shifted from rod-like to plate-like, damaging the bone microstructure. Following the administration of varying concentrations of DC,
an improvement in the mice’s bone microstructure was observed. Notably, after the intervention of 2.4 g/kg DC, there were significant
enhancements in BMD, BV/TV, and Tb. N, and Tb. Th increased by 27.27 %, 49.18 %, 41.40 %, and 6.85 %, respectively. In contrast,
Tb. Sp and Tb.pf decreased by 32.43 % and 15.67 %. These changes indicated an increase in bone density and mass, a reduction in
trabecular space, and a shift in bone structure from plate-like to rod-like. The overall improvement in the bone microstructure
contributed to the repair of abnormal cancellous bone structure.

3.3.2. Effect of DC on the body and organ weight in mice osteoporosis mice

An excessive injection of p-galactose leads to an increase in the body’s galactitol content. Galactitol cannot undergo further cellular
metabolism and accumulates rapidly in tissue cells. Consequently, cells cannot maintain normal osmotic pressure, resulting in cell
swelling, metabolic disruptions, and functional impairment. An ongoing and intensified oxidative stress response is associated with the
increased production of substantial amounts of ROS [33]. Notably, the mice continued to gain weight throughout the administration
period, as shown in Fig. 4A. After the experiment, the rate of weight gain in the model group (D-Gal) was significantly higher than that
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in the blank group (Con) (P < 0.05). However, compared to the model group, the rate of weight gain in the mice decreased in the
groups treated by DC.

The quality and organ index of internal organs serves as key biological characteristics of experimental animals. These parameters
are valuable for assessing the animals’ functional status in biomedical research, providing insights into their growth, development
stages, physiological conditions, and environmental adaptability [34]. Compared to the mice in the Con group, the liver index of D-Gal
mice showed a significant increase (P < 0.05), as depicted in Fig. 4C. The liver is a crucial organ involved in the metabolism of various
substances, and it serves as the site for generating free radicals and lipid peroxidation. Subcutaneous injection of p-galactose leads to
elevated levels of peroxides within the body [35]. Free radicals covalently bind to macromolecules within liver cells, including un-
saturated fatty acids in cell membranes. This process triggers lipid peroxidation, raises the permeability of liver cell membranes,
induces cell swelling necrosis, and ultimately results in increased fat content within liver tissue [36]. Following treatment with various
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Fig. 4. Effect of donkey bone collagen (DC) on body weight, organ index, and biochemical indexes in mice osteoporosis model. (A) Body weight
growth rate of mice. (B) Cardiac index. (C) Liver index. (D) Spleen index. (E) Lung index. (F) Renal index. (G) SOD level in mice serum. (H) MDA
level in mice serum. (I) OPG levels in mice serum. (J) OCN levels in mice serum. (K) TRAP levels in mice serum. The Con group, which served as the
blank control, received distilled water administration, subcutaneous injections of normal saline, and was provided with a standard maintenance
diet; D-Gal model group: was subjected to oral gavage with distilled water, subcutaneous injection of p-galactose, and were placed on a low-calcium
diet; administration group where three subgroups received different doses of DC: 0.6 g/kg, 1.2 g/kg, and 2.4 g/kg, together with subcutaneous
injections of p-galactose and were maintained on a low-calcium diet. The D-Gal group compared with the Con group, P < 0.05.
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component obtained through anion exchange elution on DPPH free radical. (E) The elution pattern of DCHc-A through G-25 gel size exclusion
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chromatography. (F) Scavenging activity of each component eluted by G-25 gel size exclusion chromatography against DPPH free radical. (G) The
elution pattern of DCHcA-3 through C18 reversed-phase HPLC column. (H) Scavenging activity of each component eluted by the C18 reversed-phase
HPLC column against DPPH free radical. (I) LC-MS/MS detection of the total ion chromatogram.

concentrations of DC, the liver index in mice decreased. DC effectively reduced fat accumulation in mice livers and mitigated p-gal-
actose-induced damage. Notably, apart from the liver index, the indexes of other organs, such as the cardiac, spleen, lung, and renal,
did not show significant changes. p-galactose and DC treatment did not significantly damage these organs (Fig. 4B/D/E/F).

3.3.3. Effect of DC on oxidative stress and bone transition levels in mice osteoporosis model

p-galactose combined with a low-calcium diet led to a reduction in SOD level (P < 0.05) in the D-Gal group (Fig. 4G) and a sig-
nificant increase in MDA level (P < 0.001) (Fig. 4H). Treatment with different concentrations of DC significantly increased SOD ac-
tivity, and reduced MDA levels thus DC exerted antioxidant effects and countered oxidative stress damage to the body.

OCN, a non-collagen protein, is abundantly present in bone tissue and primarily synthesised by osteoblasts, chondrocytes, and
odontoblasts. Osteoblast-secreted OCN plays a crucial role in the regulation of bone mineralisation, as well as in glucose and lipid
metabolism and calcium homeostasis. During bone resorption, collagenase-hydrolysed products generated by TRAP within these
vesicles are eventually released outside the cell. Hence, serum TRAP is a more accurate indicator of osteoclast bone resorption activity
[37]. In comparison to the Con group, the levels of OCN (Fig. 4J) and OPG (Fig. 4I) were reduced in the D-Gal group, while the level of
TRAP (Fig. 4K) significantly increased (P < 0.05). These findings indicate a decrease in the bone formation capacity of mice and a
substantial increase in the bone resorption ability. In comparison to D-Gal-treated mice, the levels of OCN and OPG were significantly
increased (P < 0.05), while the level of TRAP was significantly decreased (P < 0.05) in DC-treated mice (DC 0.6, DC 1.2, and DC 2.4).
These results indicate that bone resorption decreased considerably after DC intervention treatment. DC exhibited clear effects in
inhibiting bone resorption and promoting bone formation.

3.4. In vitro simulation of DC gastrointestinal digestion and isolation and purification of enzymatic lysates

Initial experiments have indicated that administering DC via gavage can ameliorate osteoporosis in mice. However, it is known that
oral DC can be digested in the gastrointestinal tract. To understand the active compounds generated by DC in the body, we simulated in
vitro gastrointestinal digestion of DC. Our goal was to investigate whether DC can combat osteoporosis through its antioxidant
properties and identify active components in the enzymatic hydrolysate of DC using antioxidant activity as a screening criterion. The
enzymatic hydrolysate of DCH (56.35 %) exhibited significantly higher antioxidant activity compared to DC (17.89 %) (Fig. 5A).
Gastrointestinal digestion unleashed the inherent antioxidant potential of DC. The preliminary infrared spectroscopy results indicated
that DC still retained a certain triple helix structure. DC contains stable structural components organised in a triple helix structure
when dissolved in an aqueous solution. Within this structure, active groups between the peptide chains form stable hydrogen bonds,
either directly or indirectly, concealed within the triple helix. Consequently, the antioxidant activity of DC is relatively lower than DCH
[38].

The DCH-c fraction, obtained through ultrafiltration, demonstrated the highest scavenging activity against DPPH radicals (Fig. 5B),
reaching 58.59 %. This activity was significantly superior to that of DCH-a and DCH-b. It has been reported in previous studies that
peptides with shorter chain lengths more readily capture free radicals. Therefore, fractions with smaller molecular weights exhibit
stronger antioxidant activity than those with larger molecular weights [39,40]. The DCH-c fraction, obtained through ultrafiltration,
was subjected to elution using an anion exchange column with mobile phases consisting of distilled water, 2 mM, 5 mM, 10 mM, 50
mM, and 100 mM NacCl solutions, respectively (Fig. 5C). The scavenging activity of each component against DPPH free radicals at a
concentration of 500 pg/mL was assessed (Fig. 5D). Among these components, DCHc-A, eluted with distilled water, exhibited the
highest scavenging activity against DPPH free radicals (24.18 %, P < 0.05).

DCHc-A, which was enriched, underwent further purification using a G-25 gel column (Fig. 5E). The scavenging activity of DPPH
free radicals of each component at a concentration of 500 pg/mL was assessed. The results revealed that DCHcA-3 exhibited signif-
icantly higher scavenging activity against DPPH free radicals compared to the other three components (34.59 %, P < 0.05) (Fig. 5F).

DCHcA-3 underwent further enrichment and was subjected to C18 purification, resulting in two fractions, DCHcA3-a and DCHcA3-
B (Fig. 5G). The DPPH free radical scavenging activity of these two components was assessed, and DCHcA3-a exhibited higher
scavenging activity than DCHcA3-p (Fig. 5H), with a rate of 27.49 %. DCHcA3-a was then enriched for LC-MS/MS sequencing. Using

Table 1

LC-MS/MS sequencing.
Peptide Score m/z 4 Area Mass ppm
A (4+42.01) NLGPA 77 584.3045 1 1.96E+05 583.2966 1.1
HYFL 74 579.2935 1 2.43E+07 578.2853 1.7
P (+42.01) AEGPA 71 583.2660 1 3.27E+04 582.2649 —10.6
KLLHA 68 291.1958 2 1.14E+05 580.3697 12.6
H (+42.01) VPNA 62 579.2941 1 6.01E+06 578.2812 9.6
GGWFL 61 579.2932 1 3.75E+06 578.2853 1.0
G (+42.01) WFK 60 579.2943 1 5.00E-+06 578.2853 2.9
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Xcalibur to analyse the total electron flow pattern generated by LC-MS/MS detection (Fig. 5I), seven peptides were identified (Table 1),
with the following sequences: ANLGPA (AA-6), HYFL (HL-4), PAEGPA (PA-6), KLLHA (KA-5), HVPNA (HA-5), GGWFL (GL-5), and
GWFK (GK-4).

3.5. Characterization and antioxidant activity of antioxidant peptides obtained by in vivo digestion of DC

The solid phase analysis has produced seven peptides. HPLC analysis shows that AA-6, HL-4, PA-6, KA-5, HA-5, GL-5, and GK-4
have purities 95.43 %, 96.52 %, 99.30 %, 96.47 %, 98.78 %, 96.47 %, and 97.27 %, respectively, where all above 95 %. Nanodrop
UV absorption measurements indicate that these peptides primarily exhibited absorption peaks at 220 nm, representing peptide bond
absorption peaks. HL-4, GL-5, and GK-4, which contain aromatic amino acids, display higher absorption peaks at 280 nm. The iso-
electric points of the seven peptides were determined using ProtParam. The isoelectric points of each peptide are 5.57 (AA-6), 6.74
(HL-4), 4.00 (PA-6), 8.76 (KA-5), 6.74 (HA-5), 5.52 (GL-5), and 8.75 (GK-4). Subsequently, the antioxidant activities of these seven
peptides were assessed based on their scavenging abilities against DPPH radicals, hydroxyl radicals, ABTS cations, and superoxide
anions.

At the concentration of 1 mg/mL, the scavenging activities of the peptides HA-5, GK-4, KA-5, AA-6, GL-5, PA-6, and HL-4 on DPPH
free radicals were found to be 22.90 % and 34.05 %, 27.10 %, 49.46 %, 43.23 %, 22.06 %, and 6.15 % respectively (Fig. 6A). Notably,
AA-6 and GL-5 exhibit relatively strong scavenging activities against DPPH free radicals at higher concentrations. AA-6 (ANLGPA)
contains hydrophobic amino acid Ala at both the amino and carboxyl termini, along with hydrophobic amino acids Leu, Pro, and Gly
within the sequence. On the other hand, GL-5 (GGWFL) consists entirely of hydrophobic and aromatic amino acids, contributing to its
high scavenging activity against DPPH free radicals.

Due to carboxyl and amino groups on their side chains, polar amino acids have been recognised for their important roles in
scavenging hydroxyl radicals and chelating metal ions, and thus peptides composed of Glu, Arg, and Asp are particularly effective in
chelating metal ions and neutralising hydroxyl radicals [41]. Among the peptides studied, AA-6 exhibited superior scavenging activity
against hydroxyl radicals at a concentration of 250 pg/mL. Additionally, KA-5 and HA-5 demonstrated enhanced hydroxyl radical
scavenging activities at concentrations exceeding 250 pg/mL (Fig. 6B). At a concentration of 1 mg/mL, KA-5 displayed slightly lower
scavenging activity than the GSH group, registering at 24.05 %. At the same time, HA-5 exhibited a scavenging activity of 19.79 %.
KA-5 (KLLHA) and HA-5 (HVPNA) contain many polar amino acids, contributing to their specific scavenging activity against hydroxyl
radicals at higher concentrations.

At the concentration of 10 pg/mL, HL-4, GL-5, and GK-4 demonstrated scavenging rates of 35.91 %, 52.50 %, and 37.57 % against
ABTS cations. These peptides exhibited effective ABTS cation scavenging even at lower concentrations (Fig. 6C). AA-6 exhibited a
noteworthy scavenging ability against ABTS cations, and its efficacy displayed a concentration-dependent gradient. However, PA-6,
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Fig. 7. Effects of seven short peptides on oxidative damage osteoblast model. (A) The effect of seven kinds of short peptides on MC3T3-E1. (B)
The protective effect of GL-5 on MC3T3-E1. (C) The protective effect of AA-6 on MC3T3-E1. (D) The protective effect of KA-5 on MC3T3-E1. (E) The
protective effect of HL-4 on MC3T3-E1. (F) The protective effect of GK-4 on MC3T3-E1. (G) The protective effect of PA-6 on MC3T3-E1. (H) The
protective effect of HA-5 on MC3T3-E1. Con, blank control group, no drug incubation; H2O,, incubation with 300 pmol/L H50, alone; NAC, in-
cubation with 163 pg/mL NAC, then H,0, incubation. (I) Intracellular ROS levels in each group. DCFH-DA, blank control group, incubated with
DCFH-DA alone; H,0,, model, incubated with H0,, then DCFH-DA incubation; NAC, incubation with 163 pg/mL NAC, H;0O, incubation, then
DCFH-DA incubation; HL-4, PA-6, GL-5, AA-6, KA-5, GK-4, HA-5, 50 pg/mL HL-4, PA-6, GL-5, AA-6, KA-5, GK-4, HA-5 pre-incubation, H;0, in-
cubation, then DCFH-DA incubation. (J) Intracellular ALP levels in each group. Con, normal medium culture, incubation with no sample; D, dif-
ferentiation medium culture, incubation with no sample; H,O5, model, differentiation medium culture, incubation with H;O, alone; NAC,
differentiation medium culture, incubation with 163 pg/mL NAC, then incubation with HyO,; HL-4, PA-6, GL-5, AA-6, KA-5, GK-4, HA-5, differ-
entiation medium culture, 50 pg/mL HL-4, PA-6, GL-5, AA-6, KA-5, GK-4, HA-5 incubation, then incubation with H,O,. Group D compared to Con,
&&&p - (,001; The experimental group compared with the blank group, P < 0.05, **P < 0.01, *##P < 0.001; The experimental group compared
\Lvith the model group, *P < 0.05, **P < 0.01, ***P < 0.001.

KA-5, and HA-5 exhibited no discernible scavenging effect on ABTS cations. The peptides HL-4 (HYFL), GL-5 (GGWFL), and GK-4
(GWFK) contain a higher proportion of aromatic amino acids, while PA-6 (PAEGPA), KA-5 (KLLHA), and HA-5 (HVPNA) lack aro-
matic amino acids. Although AA-6 (ANLGPA) lacks aromatic amino acids, it possesses a substantial content of hydrophobic amino
acids. Consequently, the scavenging ability of these peptides against ABTS cations may be attributed to the presence of hydrophobic
and aromatic amino acids.

At lower concentrations, all seven short peptides demonstrated effective scavenging of superoxide anion, with scavenging ability
exhibiting a concentration-dependent gradient (Fig. 6D). Specifically, at a concentration of 250 pg/mL, these peptides achieved a 100
% scavenging rate against superoxide anion. Consequently, all seven short peptides exhibited robust scavenging activity against su-
peroxide anion, particularly at lower concentrations.

3.6. Effect of antioxidant peptides derived from the digestion of DC on oxidative damage osteoblasts model

The seven short peptides showed no toxicity to osteoblasts at various concentrations (Fig. 7A). HL-4 and PA-6 had moderate
stimulating effects on cell proliferation. When treated with HL-4 and PA-6 at a concentration of 150 pg/mL, cell viability remained at
113.79 %, and 108.23 %, respectively. GL-5, AA-6, and KA-5 demonstrated concentration-dependent protection of osteoblasts from
hydrogen peroxide-induced damage (Fig. 7B/C/D). HL-4 and GK-4 could also offer protection against hydrogen peroxide injury to
osteoblasts (Fig. 7E/F). HL-4 significantly increased cell viability at a lower concentration of 5 pg/mL (P < 0.05) but had no protective
effect on MC3T3-E1 at high concentrations. PA-6 and HA-5 did not protect oxidative damage osteoblast model, resulting in signifi-
cantly lower cell viability than the blank group (P < 0.05) (Fig. 7G/H). GL-5, AA-6, KA-5, GK-4, and HL-4 peptides exhibited varying
degrees of protection against hydrogen peroxide-induced osteoblast damage, indicating their potential anti-osteoporosis effects.

The impact of seven peptides on oxidative damage osteoblast model was investigated by quantitatively analysing intracellular
peroxide levels in each group. H,O4 exposure significantly raised intracellular ROS content, but pretreatment with seven peptides
could variably lower ROS levels (Fig. 7I). Compared with the model group, GL-5, AA-6, KA-5, GK-4, and HA-5 treatment groups
decreased the intracellular ROS content by 40.67 %, 67.12 %, 26.81 %, 39.70 %, and 40.31 %, respectively, with significant difference
(P < 0.05). GL-5, AA-6, KA-5, GK-4, and HA-5 could safeguard osteoblasts from oxidative damage by decreasing intracellular ROS
levels. Among them, AA-6 demonstrated the most potent intracellular ROS scavenging effect, potentially offering osteoporosis
resistance. HA-5 can reduce intracellular ROS levels but did not notably improve cell viability. This suggests that HA-5 can directly
eliminate intracellular ROS but may not actively activate the cell’s endogenous antioxidant pathways and promote the transcription of
various cell protection genes [42].

In comparison to the Con group, the intracellular ALP levels in the differentiation culture group (D) were significantly elevated (P
< 0.001), demonstrating that the differentiation medium effectively promoted osteoblast differentiation (Fig. 7J). HoO2 exposure
inhibited osteoblast differentiation and reduced ALP activity, leading to increased ALP activity. GL-5, AA-6, and GK-4 treatments
significantly elevated intracellular ALP levels (P < 0.05) compared to the HyO incubation group, promoting osteoblast differentiation.
Combined, GL-5, AA-6, and GK-4 significantly increased the osteoblast survival rates, reduced cellular ROS levels, and promoted
osteoblast differentiation compared to the HoO5-treated group. These peptides protect cells from H,O5-induced damage by diminishing
cellular ROS levels, enhancing cell viability, and promoting osteoblast differentiation.

4. Conclusion

This study was initiated by extracting collagen (DC) from donkey bone to investigate its potential in mitigating oxidative stress-
mediated osteoporosis. We made noteworthy findings through a series of in vivo and in vitro experiments. DC exhibited remarkable
antioxidant properties, effectively ameliorating oxidative stress-induced damage to osteoblasts. Furthermore, when administered to
mice with oxidative stress-induced osteoporosis, DC displayed a capacity to reduce oxidative stress levels, restore bone mineral
density, and combat osteoporosis. Of particular significance are the seven antioxidant peptides we identified within DC. DDWFL,
ANLGPA, and GWFK emerged as potent antioxidants, offering protective effects against hydrogen peroxide-induced osteoblast damage
and promoting osteoblast differentiation. These findings underscore the promising potential of both DC and its enzymatic components
in improving osteoporosis and advancing our understanding of its treatment options.
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