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Dear editor and reviewer2,
Thank you so much for arranging a timely review for our manuscript. We appreciate the reviewers for the comments concerning our manuscript entitled “Peptide-calcium chelate from antler (Cervus Elaphus) bone enhances calcium absorption in intestinal Caco‑2 cells and D-gal induced aging mice model” (nutrients-1800841). The comments are all valuable and very helpful for revising and improving our paper, and give us the important guiding significance to our researches. We have studied the comments carefully and have made corrections which we hope to meet with approval. Revised portion are marked in orange in the paper. The main corrections in the paper and the responses to the reviewers’ comments are point to point as following:  

Reviewer 2 
The manuscript “Peptide-calcium chelate from antler (Cervus Elaphus) bone enhances calcium absorption in intestinal Caco‑2 cells and D-gal 2 induced aging mice model” present an interesting study however there are too many inconsistences in the data.

1. The “Materials and methods” section indicate dans the Caco-2 cells were cultured in DMEM/F-12, 10% FBS, which is not the usual protocol. Why the authors used this unusual medium?
Response:
Thanks for your good question, the Caco-2 cells were usually cultured in DMEM medium (high glucose) supplemented with 10% FBS, 1% amino acids, and 1% antibiotics. The usual protocol requires the addition of 1% amino acids separately [a, b]. 
[bookmark: _Hlk112398204][bookmark: _Hlk112401121]However, DMEM/F12 is a 1:1 mixture of DMEM and Ham's F-12. This formula combines the high concentration of glucose, amino acids, and vitamins of DMEM with the broad components of F-12'.  It supports the growth of a broad range of cell types in serum formulation. In previous studies, DMEM/F12 was also used to culture Caco-2 cells [c-e], although it is not as common as DMEM medium (high glucose). The Caco-2 cells were cultured in DMEM/F12 medium supplemented with 10% FBS and 1% antibiotics. The Caco-2 cell culture protocol described in this paper is consistent with previous studies [c-e].
[bookmark: _Hlk112454646]References:
a.	Liao, W.; Chen, H.; Jin, W.; Yang, Z.; Cao, Y.; Miao, J. Three Newly Isolated Calcium-Chelating Peptides from Tilapia Bone Collagen Hydrolysate Enhance Calcium Absorption Activity in Intestinal Caco-2 Cells. J Agric Food Chem 2020, 68, 2091-2098, doi:10.1021/acs.jafc.9b07602.
b.	Liu, G.; Sun, S.; Guo, B.; Miao, B.; Luo, Z.; Xia, Z.; Ying, D.; Liu, F.; Guo, B.; Tang, J.; et al. Bioactive peptide isolated from casein phosphopeptides promotes calcium uptake in vitro and in vivo. Food Funct 2018, 9, 2251-2260, doi:10.1039/C7FO01709J.
c.	Hu, G.Q.; Song, P.X.; Li, N.; Chen, W.; Lei, Q.Q.; Yu, S.X.; Zhang, X.J.; Du, C.T.; Deng, X.M.; Han, W.Y.; et al. AIM2 contributes to the maintenance of intestinal integrity via Akt and protects against Salmonella mucosal infection. Mucosal Immunol 2016, 9, 1330-1339, doi:10.1038/mi.2015.142.
d.	Liu, R.H.; Sun, J. Antiproliferative activity of apples is not due to phenolic-induced hydrogen peroxide formation. J Agric Food Chem 2003, 51, 1718-1723, doi:10.1021/jf026162r.
e.	Hubatsch, I.; Ragnarsson, E.G.; Artursson, P. Determination of drug permeability and prediction of drug absorption in Caco-2 monolayers. Nat Protoc 2007, 2, 2111-2119, doi:10.1038/nprot.2007.303.

2. Moreover, the protocol indicated that mice were feed with deionized water which is dangerous for health.
Response:
[bookmark: _Hlk112402691]Thanks for your careful inspection of our manuscript, I agree with you. We give mice sterile water that has been strictly sterilized at high temperature and pressure in the animal experiment. Sorry for our carelessness, I wrote deionized water. We have corrected “deionized water” to “sterile water”.
[bookmark: _Hlk101953855][bookmark: _Hlk112419464]2. Materials and methods 
2.10. Animals
The Liaoning Changsheng Experimental Animal Center (Liaoning, China) provided male ICR mice (eight-weeks-old). The mice had free adequate food and sterile water with maintained controlled temperature, humidity, and light (22 ± 3 °C, 60 ± 5%, and diurnal cycle of 12 h) in the environment at the Animal Center of Jilin University (Permission number: KT202003150). The experimental protocol was approved by the Institutional Animal Care and Use Committee (IACUC).

3. [bookmark: _Hlk112566194]The condition used in this study to evaluate the calcium absorption is too far from to reality to the support a transposition to human.
[bookmark: _Hlk112417755]Response:
[bookmark: _Hlk112742637][bookmark: _Hlk112740890][bookmark: _Hlk112741899][bookmark: _Hlk112740955]We agree with your opinion. There is a lot of work to be done to evaluate the absorption of calcium in humans, and animals and cells are not enough. We constructed a model of D-galactose-induced senile osteoporosis in mice to assess that calcium absorption is too far from reality to support its transplantation to humans. However, Changes to mice bone properties were a first step indicator to monitor the effects of calcium supplementation in the previous literature [a-k]. This is because they are sensitive to Ca2+ assimilation and metabolism [l]. Caco-2 cells are human intestinal adenocarcinoma cells that exhibit enterocyte-like biochemical and morphological characteristics and have been reported to be an excellent model of human enterocytes for in vitro absorption studies involving minerals [m], polyphenols [n], and peptides [o]. Guillermina, F. et al. used ovariectomized mice model to evaluate the effect of hydrolyzed collagen on improving bone metabolism and biomechanical parameters [a, b]. Jung, W.K.Hang, et al. used an ovariectomized rat model to evaluate the effect of Fish-bone peptide on increasing calcium solubility and bioavailability [c]. Yu, Y.J. et al. used D-galactose-treated rats to construct a senile osteoporosis model to assess the effect of cycloastragenol on preventing age-related bone loss [d]. Qu et al. used Kunming mice to construct a tail suspension model to assess the effect of the calcium-binding peptide from Auricularia auricula protein hydrolysates on calcium absorption [e]. Yi Wu et al. used the D-galactose-induced Kunming mice to construct a senile osteoporosis model to evaluate the effect of water extract of Fructus Ligustri Lucidi on calcium absorption [f]. Chuang Xue et al. built ovariectomized osteoporosis model ICR mice to evaluate the effect of compound deer bone extract on calcium absorption [g]. Sun Na et al. used three-week-old male C57BL/6 mice to evaluate herring egg phosphopeptides as a carrier of calcium to improve calcium absorption [h]. Guo Liu et al. demonstrated in rat animal experiments and Caco-2 cell experiments that a bioactive peptide isolated from casein phosphopeptide promotes calcium uptake [j, k].
[bookmark: _Hlk112605868]References:
[bookmark: _Hlk112741020]a.	Guillerminet, F.; Beaupied, H.; Fabien-Soule, V.; Tome, D.; Benhamou, C.L.; Roux, C.; Blais, A. Hydrolyzed collagen improves bone metabolism and biomechanical parameters in ovariectomized mice: an in vitro and in vivo study. Bone 2010, 46, 827-834, doi:10.1016/j.bone.2009.10.035.
b.	Guillerminet, F.; Fabien-Soule, V.; Even, P.C.; Tome, D.; Benhamou, C.L.; Roux, C.; Blais, A. Hydrolyzed collagen improves bone status and prevents bone loss in ovariectomized C3H/HeN mice. Osteoporos Int 2012, 23, 1909-1919, doi:10.1007/s00198-011-1788-6.
c.  Jung, W.K.; Lee, B.J.; Kim, S.K. Fish-bone peptide increases calcium solubility and bioavailability in ovariectomised rats. Br J Nutr 2006, 95, 124-128, doi:10.1079/bjn20051615.
d.  Yu, Y.J.; Wu, J.K.; Li, J.; Liu, Y.Z.; Zheng, X.Y.; Du, M.Z.; Zhou, L.M.; Yang, Y.J.; Luo, S.Y.; Hu, W.J.; et al. Cycloastragenol prevents age-related bone loss: Evidence in D-galactose-treated and aged rats. Biomedicine & Pharmacotherapy 2020, 128, doi:ARTN 11030410.1016/j.biopha.2020.110304.
e.	Qu, H.; Yi, J.; Gao, X.; Zhao, H.; Wang, Z. Anti-Disuse Osteoporosis Activity of a Complex of Calcium-Binding Peptide from Auricularia auricula Protein Hydrolysates. J Food Sci 2019, 84, 1909-1919, doi:10.1111/1750-3841.14697.
f.	Wu, Y.; Hu, Y.; Zhao, Z.; Xu, L.; Chen, Y.; Liu, T.; Li, Q. Protective Effects of Water Extract of Fructus Ligustri Lucidi against Oxidative Stress-Related Osteoporosis In Vivo and In Vitro. Vet Sci 2021, 8, doi:10.3390/vetsci8090198.
g.	Xue, C.; Pan, W.; Lu, X.; Guo, J.; Xu, G.; Sheng, Y.; Yuan, G.; Zhao, N.; Sun, J.; Guo, X.; et al. Effects of compound deer bone extract on osteoporosis model mice and intestinal microflora. J Food Biochem 2021, 45, e13740, doi:10.1111/jfbc.13740.
h.	Sun, N.; Zhang, P.L.; Jiang, P.F.; Wang, Y.X.; Cui, P.B.; Li, T.Z.; Lin, S.Y. Herring egg phosphopeptides as calcium carriers for improving calcium absorption and bone microarchitecture in vivo. Food & Function 2020, 11, 10936-10944, doi:10.1039/d0fo01232g.
i.   Batoon, L.; Millard, S.M.; Raggatt, L.J.; Wu, A.C.; Kaur, S.; Sun, L.W.H.; Williams, K.; Sandrock, C.; Ng, P.Y.; Irvine, K.M.; et al. Osteal macrophages support osteoclast-mediated resorption and contribute to bone pathology in a postmenopausal osteoporosis mouse model. J Bone Miner Res 2021, 36, 2214-2228, doi:10.1002/jbmr.4413.
j.   Liu, G.; Guo, B.; Sun, S.; Luo, M.; Liu, F.; Miao, J.; Tang, J.; Huang, Y.; Cao, Y.; Song, M. Promoting the Calcium-Uptake Bioactivity of Casein Phosphopeptides in vitro and in vivo. Front Nutr 2021, 8, 743791, doi:10.3389/fnut.2021.743791.
k.	Liu, G.; Sun, S.; Guo, B.; Miao, B.; Luo, Z.; Xia, Z.; Ying, D.; Liu, F.; Guo, B.; Tang, J.; et al. Bioactive peptide isolated from casein phosphopeptides promotes calcium uptake in vitro and in vivo. Food Funct 2018, 9, 2251-2260, doi:10.1039/C7FO01709J.
l.   Applegate, T.J.; Lilburn, M.S. Growth of the femur and tibia of a commercial broiler line. Poult Sci 2002, 81, 1289-1294, doi:10.1093/ps/81.9.1289.
m.  Camara, F.; Barbera, R.; Amaro, M.A.; Farre, R. Calcium, iron, zinc and copper transport and uptake by Caco-2 cells in school meals: Influence of protein and mineral interactions. Food Chemistry 2007, 100, 1085-1092, doi:10.1016/j.foodchem.2005.11.010.
n.  Kosinska-Cagnazzo, A.; Diering, S.; Prim, D.; Andlauer, W. Identification of bioaccessible and uptaken phenolic compounds from strawberry fruits in in vitro digestion/Caco-2 absorption model. Food Chemistry 2015, 170, 288-294, doi:10.1016/j.foodchem.2014.08.070.
o.  Picariello, G.; Iacomino, G.; Mamone, G.; Ferranti, P.; Fierro, O.; Gianfrani, C.; Di Luccia, A.; Addeo, F. Transport across Caco-2 monolayers of peptides arising from in vitro digestion of bovine milk proteins. Food Chem 2013, 139, 203-212, doi:10.1016/j.foodchem.2013.01.063.

4. To evaluate osteoblast activity determination of N terminal pro-peptides of type I procollagen (PINP) would have been more adapted.
[bookmark: _Hlk112565389]Response:
[bookmark: _Hlk112453139]We agree with your proposal. We have presented the serum biochemistry results of PINP by enzyme-linked immunosorbent assay (ELISA) and added them to the Table. 2. Now Table. 2 was as followed and we have added the corresponding description in Abstract, Materials and methods 2.12, and Results and discussion 3.7 and marked in orange.

Table 2 Serum biochemistry and tibia physicochemical indices of mice in different groups 
	Measurements
	NC
	CaCl2
	AB-Ca
	ABPs + AB-Ca

	Serum biochemistry
	
	
	

	ALP (U/L)
	12.95 ± 2.92 a
	11.79 ± 1.83 a
	6.56 ± 0.84 b
	5.53 ± 0.40 b

	Ca (μmol/dL)
	38.09 ± 3.74 a
	39.68 ± 5.16 a
	40.07 ± 1.67 a
	63.59 ± 6.12 b

	P (mmol/L)
	3.17 ± 0.13 a
	3.17 ± 0.09 a
	3.25 ± 0.52 a
	2.48 ± 0.13 b

	PINP (ng/mL)
	3.30 ± 0.56 a
	3.23 ± 0.19 a
	4.13 ± 0.05 b
	4.65 ± 0.33 b

	CTX-1 (pg/mL)
	218.24 ± 15.77 a
	205.60 ± 10.66 a
	172.70 ± 6.72 b
	160.99 ± 1.07 b

	Tibia physicochemical indices
	
	
	

	Length (mm)
	19.65 ± 1.20 a
	19.85 ± 0.55 a
	20.10 ± 0.11 a
	19.68 ± 0.49 a

	Dry bone weight (g)
	0.045 ± 0.008 a
	0.048 ± 0.007 a
	0.050 ± 0.004 a
	0.045 ± 0.002 a

	Ca/Ash bone (μg/mg)
	387.18 ± 2.57 a
	386.14 ± 0.10 a
	387.64 ± 1.71 a
	398.92 ± 2.55 b

	BMD (mg/cm2)
	531.38 ± 34.51 a
	570.37 ± 2.82 a
	599.92 ± 34.01 a
	643.51 ± 57.33 b

	SMI
	2.71 ± 0.33 a
	2.01 ± 0.60 a
	1.55 ± 0.27 b
	1.25 ± 0.16 b

	Tb.N (1/mm)
	1.65 ± 0.17 a
	1.78 ± 0.33 a
	1.76 ± 0.36 a
	1.76 ± 0.28 a

	BV/TV (%)
	0.11 ± 0.02 a
	0.17 ± 0.05 b
	0.21 ± 0.05 b
	0.19 ± 0.04 b

	Tb.Th (mm)
	0.09 ± 0.01 a
	0.11 ± 0.02 a
	0.12 ± 0.02 a
	0.13 ± 0.04 a

	Tb.Sp (mm)
	0.63 ± 0.07 a
	0.61 ± 0.10 a
	0.64 ± 0.11 a
	0.62 ± 0.10 a


Data are represented as the mean ± SD (n ≥ 4). Mean values with different superscripts (a, b) in the same row are different significantly (P < 0.05), while with same superscripts are not (P > 0.05).
Abstract
[bookmark: _Hlk112572043]Abstract: Antler bone calcium (AB-Ca) and bioactive peptides (ABPs) were extracted from antler bones (Cervus elaphus) to maximize their value. In this study, 0.14 g calcium was obtained from 1 g antler bone. The peptide–calcium chelate rate was 53.68 ± 1.80%, and the Gly, Pro, and Glu in ABPs were identified to donate most to the increased calcium affinity through the mass spectrometry. Fourier transform infrared spectroscopy showed that calcium predominantly interacted with amino nitrogen atoms and carboxyl oxygen atoms, thereby generating a peptide–calcium chelate. The peptide-calcium chelates were characterized using scanning electron microscopy. A Caco-2 cell monolayer model showed that ABPs significantly increased calcium transport. Furthermore, the D-gal-induced aging mouse model indicated that the ABPs + AB-Ca group showed higher Ca and PINP levels, lower P, ALP, and CTX-1content in serum, and considerably higher tibia index and tibia calcium content. Results showed that ABPs + AB-Ca increased bone formation and inhibited bone resorption, thereby providing calcium supplements for ameliorating senile osteoporosis (SOP).

2. Materials and methods 
2.12. Serum biochemistry
The mice were sedated with isoflurane at the conclusion of the experimental feeding period and suborbital blood was obtained immediately. Blood samples were coagulated for 2 h at RT, centrifuged at RT for 20 min at 2000 ×g to extract the serum, and then preserved at -80 °C before use. Serum biochemical levels of Ca and P (Beijing Solarbio, China), ALP (Nanjing Jiancheng, China), PINP (ZCI BIO, China), and CTX-1 (Elabscience, China) were measured using commercially available kits.

3. Results and discussion
[bookmark: _Hlk98541880]3.7. ABPs + AB-Ca group had significant increase of Ca and PINP and decrease of P, ALP, and CTX-1 content in the serum
Table 2 shows that the ABPs + AB-Ca group had higher serum Ca concentrations than the NC, CaCl2, and AB-Ca groups (P < 0.05). The ABPs + AB-Ca group had substantially lower serum P levels than the other groups (P < 0.05). The AB-Ca and ABPs + AB-Ca groups had significantly lower serum ALP and CTX-1 levels than the NC and CaCl2 groups (P < 0.05), and the AB-Ca and ABPs + AB-Ca groups showed no significant difference (P > 0.05). The results revealed that ABPs + AB-Ca raised serum Ca levels, similar to the results of peptides from pacific cod bone, due to the lower fecal and urine calcium excretion [71]. P is an important inorganic nutrient in bone metabolism [72], and increased bone resorption leads to increased serum P concentrations [73]. This analysis indicated that ABPs + AB-Ca reduced serum P levels, which is comparable to the results of Chen et al. [74]. ALP, a biomarker of bone formation and metabolism, is elevated when calcification is aberrant and plays a vital role in bone calcification process [16]. The ALP activity of the ABPs + AB-Ca group was substantially reduced ALP activity compared than that of the NC, CaCl2, and AB-Ca groups (P < 0.05) (Table 2). This finding is similar to that of Yang et al. [75]. Serum PINP level is a marker of bone formation [76]. PINP activity was significantly higher in the ABPs + AB-Ca group than in the NC and CaCl2 groups (P < 0.05), whereas there was no difference between the AB-Ca and ABPs + AB-Ca groups (P > 0.05). Serum CTX-1 is a bone turnover marker that is used to measure bone resorption. High CTX-1 levels promote bone resorption and calcium re-lease from the bone [77]. The ABPs + AB-Ca group had substantially reduced CTX-1 activity compared to the NC and CaCl2 groups (P < 0.05), and the AB-Ca and ABPs + AB-Ca groups showed no differences (P > 0.05). These findings suggest that consumption of ABPs + AB-Ca can promote bone formation and prevent bone resorption in D-gal-induced aging mice.
References:
76. Gossiel, F.; Ugur, A.; Peel, N.F.A.; Walsh, J.S.; Eastell, R. The clinical utility of TRACP-5b to monitor anti-resorptive treatments of osteoporosis. Osteoporos Int 2022, 33, 1357-1363, doi:10.1007/s00198-022-06311-3.

5. The most important effect of ABPs+AB-Ca is an increase of calcium absorption however the consequences on the other bone parameters are not very important.
Ingestion of ABPs+AB-Ca did not have any effect on the dry bone weight and length. Moreover Ca/ash bone is only slightly increase which does not support an important increase of the BMD. Table 2 indicate that the BV/TV (%) is similar between the CaCl2 and the ABPs+AB-Ca groups however the Ca (µmol/dL) level of the CaCl2 group is similar to the NC group.  The authors did not reported an increase calcium absorption for the CaCl2 group but the data indicated an increase of BV/TV (%) for this group that is similar to the value reported for the ABPs+AB-Ca group. Such data did not support that the ingestion of ABPs+AB-Ca despite the fact than an increase calcium absorption was measured have any interest to improve bone quality. Usually, a good correlation is reported between the BMD and the BV/TV (%) which is not reported in the present study.
Response:
[bookmark: _Hlk112565920]Thanks for your careful inspection of our manuscript. It is true that the first few indicators are the most important, including serum biochemistry (Ca, ALP, PINP, and CTX-1) and tibia indices (weight, length, Ca (μg/mg weight), and BMD), and many articles also test these indicators [a-g]. Therefore, according to your suggestion, the experimental results of SMI, BV/TV, Tb.N, Tb.Sp, and Tb.Th were removed by us. The new Table 2 is as follows: 
Table 2 Serum biochemistry and tibia physicochemical indices of mice in different groups
	[bookmark: _Hlk112452138]Measurements
	NC
	CaCl2
	AB-Ca
	ABPs+AB-Ca

	Serum biochemistry
	
	
	

	ALP (U/L)
	12.95 ± 2.92 a
	11.79 ± 1.83 a
	6.56 ± 0.84 b
	5.53 ± 0.40 b

	Ca (μmol/dL)
	38.09 ± 3.74 a
	39.68 ± 5.16 a
	40.07 ± 1.67 a
	63.59 ± 6.12 b

	P (mmol/L)
	3.17 ± 0.13 a
	3.17 ± 0.09 a
	3.25 ± 0.52 a
	2.48 ± 0.13 b

	PINP (ng/mL)
	3.30 ± 0.56 a
	3.23 ± 0.19 a
	4.13 ± 0.05 b
	4.65 ± 0.33 b

	CTX-1 (pg/mL)
	218.24 ± 15.77 a
	205.60 ± 10.66 a
	172.70 ± 6.72 b
	160.99 ± 1.07 b

	Tibia physicochemical indices
	
	
	

	Length (mm)
	19.65 ± 1.20 a
	19.85 ± 0.55 a
	20.10 ± 0.11 a
	19.68 ± 0.49 a

	Dry bone weight (g)
	0.045 ± 0.008 a
	0.048 ± 0.007 a
	0.050 ± 0.004 a
	0.045 ± 0.002 a

	Ca/Ash bone (μg/mg)
	387.18 ± 2.57 a
	386.14 ± 0.10 a
	387.64 ± 1.71 a
	398.92 ± 2.55 b

	BMD (mg/cm2)
	531.38 ± 34.51 a
	570.37 ± 2.82 a
	599.92 ± 34.01 a
	643.51 ± 57.33 b


[bookmark: _Hlk112453107]Data are represented as the mean ± SD (n ≥ 4). Mean values with different superscripts (a, b) in the same row are different significantly (P < 0.05), while with same superscripts are not (P > 0.05).

[bookmark: _Hlk112590847][bookmark: _Hlk112591791][bookmark: _Hlk112591353]By the way, the results you mention in the original manuscript regarding serum Ca, Ca/ash bone, BMD and BV/TV indicators are also reasonable. There were no significant differences in serum Ca levels among NC, CaCl2, and AB-Ca groups. These findings were in agreement with the previous study [i]. However, the serum Ca levels in the ABPs+AB-Ca group was significantly higher than those of controls. Increased serum Ca concentration caused by ABPs+AB-Ca could be possibly explained by the reduced fecal and urinary Ca excretion [j]. In summary, the serum CTX-1 and ALP levels in the ABPs+AB-Ca group was significantly lower than that in the control group. The ABPs+AB-Ca group also displayed a significant increase in the serum Ca and PINP levels. These results indicated that ABPs+AB-Ca provided in the diet could increase bone formation and prevent bone resorption.
[bookmark: _Hlk112592706][bookmark: _Hlk112592839]In addition, mice fed with ABPs+AB-Ca groups showed significantly higher Ca tibial content than NC, CaCl2, and AB-Ca. The BMD of the ABPs+AB-Ca group was higher than those of the NC, CaCl2, and AB-Ca groups. Although there were no significant differences in tibial BMD among NC, CaCl2, and AB-Ca groups, they exhibited a trend toward increasing BMD in all the groups that were fed with CaCl2 and AB-Ca. It was reported that protein hydrolysates or hydrolysate-calcium complexes could enhance the bio-availability of calcium, such as desalted duck egg white peptides [k], a Pacific cod bone hydrolysate [j], and a tilapia scale protein hydrolysate-calcium complex [l]. In this study, the results of serum Ca, Ca/ash bone and BMD were consistent.
[bookmark: _Hlk112596880]We are sorry for not introducing the correlation between BMD and BV/TV explicitly. Iskandar Tamimi et al. researched the composition and characteristics of trabecular bone in osteoporosis and osteoarthritis. In osteoarthritis, BMD was positively correlated with the BV/TV. Interestingly, these correlations were not found in osteoporosis with relatively lower bone densities [m]. Therefore, osteoporotic patients with similar low bone densities could have significant microstructural differences. No differences were found between the two groups at a hydroxyapatite crystal level. The same experimental results were shown by Yongjie Yu et al. Low dose of cycloastragenol treatment caused a 27% increase in BMD, there was no difference in BMD among dose of cycloastragenol, high dose of cycloastragenol, and NC groups. Cycloastragenol-treated rats had higher bone mass (BV/TV) in both aging models, but the differences were not statistically significant [n].
References:
a.	Guillerminet, F.; Beaupied, H.; Fabien-Soule, V.; Tome, D.; Benhamou, C.L.; Roux, C.; Blais, A. Hydrolyzed collagen improves bone metabolism and biomechanical parameters in ovariectomized mice: an in vitro and in vivo study. Bone 2010, 46, 827-834, doi:10.1016/j.bone.2009.10.035.
b.	Guillerminet, F.; Fabien-Soule, V.; Even, P.C.; Tome, D.; Benhamou, C.L.; Roux, C.; Blais, A. Hydrolyzed collagen improves bone status and prevents bone loss in ovariectomized C3H/HeN mice. Osteoporos Int 2012, 23, 1909-1919, doi:10.1007/s00198-011-1788-6.
c.	Liu, G.; Sun, S.; Guo, B.; Miao, B.; Luo, Z.; Xia, Z.; Ying, D.; Liu, F.; Guo, B.; Tang, J.; et al. Bioactive peptide isolated from casein phosphopeptides promotes calcium uptake in vitro and in vivo. Food Funct 2018, 9, 2251-2260, doi:10.1039/C7FO01709J.
d.	Liu, G.; Guo, B.; Sun, S.; Luo, M.; Liu, F.; Miao, J.; Tang, J.; Huang, Y.; Cao, Y.; Song, M. Promoting the Calcium-Uptake Bioactivity of Casein Phosphopeptides in vitro and in vivo. Front Nutr 2021, 8, 743791, doi:10.3389/fnut.2021.743791.
e.	Peng, Z.; Hou, H.; Zhang, K.; Li, B. Effect of calcium-binding peptide from Pacific cod (Gadus macrocephalus) bone on calcium bioavailability in rats. Food Chem 2017, 221, 373-378, doi:10.1016/j.foodchem.2016.10.078.
f.	Yoon, G.A.; Hwang, H.J. Effect of soy protein/animal protein ratio on calcium metabolism of the rat. Nutrition 2006, 22, 414-418, doi:10.1016/j.nut.2005.07.019.
[bookmark: _Hlk112740441]g.	Jung, W.K.; Lee, B.J.; Kim, S.K. Fish-bone peptide increases calcium solubility and bioavailability in ovariectomised rats. Br J Nutr 2006, 95, 124-128, doi:10.1079/bjn20051615.
i.	Lyu, Y.; Feng, X.; Zhao, P.; Wu, Z.; Xu, H.; Fang, Y.; Hou, Y.; Denney, L.; Xu, Y.; Feng, H. Fructus Ligustri Lucidi (FLL) ethanol extract increases bone mineral density and improves bone properties in growing female rats. J Bone Miner Metab 2014, 32, 616-626, doi:10.1007/s00774-013-0536-8.
j.	Peng, Z.; Hou, H.; Zhang, K.; Li, B. Effect of calcium-binding peptide from Pacific cod (Gadus macrocephalus) bone on calcium bioavailability in rats. Food Chem 2017, 221, 373-378, doi:10.1016/j.foodchem.2016.10.078.
k.	Zhao, N.N.; Hu, J.; Hou, T.; Ma, Z.L.; Wang, C.; He, H. Effects of desalted duck egg white peptides and their products on calcium absorption in rats. J Funct Foods 2014, 8, 234-242, doi:10.1016/j.jff.2014.03.022.
l.	Chen, D.; Mu, X.M.; Huang, H.; Nie, R.Y.; Liu, Z.Y.; Zeng, M.Y. Isolation of a calcium-binding peptide from tilapia scale protein hydrolysate and its calcium bioavailability in rats. J Funct Foods 2014, 6, 575-584, doi:10.1016/j.jff.2013.12.001.
m.	Tamimi, I.; Cortes, A.R.G.; Sanchez-Siles, J.M.; Ackerman, J.L.; Gonzalez-Quevedo, D.; Garcia, A.; Yaghoubi, F.; Abdallah, M.N.; Eimar, H.; Alsheghri, A.; et al. Composition and characteristics of trabecular bone in osteoporosis and osteoarthritis. Bone 2020, 140, doi:ARTN 11555810.1016/j.bone.2020.115558.
n.	Yu, Y.; Wu, J.; Li, J.; Liu, Y.; Zheng, X.; Du, M.; Zhou, L.; Yang, Y.; Luo, S.; Hu, W.; et al. Cycloastragenol prevents age-related bone loss: Evidence in d-galactose-treated and aged rats. Biomed Pharmacother 2020, 128, 110304, doi:10.1016/j.biopha.2020.110304.

6. English editing is needed.
Response:
[bookmark: _Hlk112953218][bookmark: _Hlk112963663]Thanks to your suggestion, we have re-engaged professional editing services to correct English grammar and phrases, and the revised and latest manuscript has been re-uploaded, and we hope the revised work is presented in the best manner. Revised portion are marked in blue in the latest manuscript. The latest certificate of English editing is as follows:
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[bookmark: _Hlk112571990]Abstract: Antler bone calcium (AB-Ca) and bioactive peptides (ABPs) were extracted from antler bones (Cervus elaphus) to maximize their value. In this study, 0.14 g calcium was obtained from 1 g antler bone. The peptide–calcium chelate rate was 53.68 ± 1.80%, and the Gly, Pro, and Glu in ABPs were identified to donate most to the increased calcium affinity through the mass spectrometry. Fourier transform infrared spectroscopy showed that calcium predominantly interacted with amino nitrogen atoms and carboxyl oxygen atoms, thereby generating a peptide–calcium chelate. The peptide-calcium chelates were characterized using scanning electron microscopy. A Caco-2 cell monolayer model showed that ABPs significantly increased calcium transport. Furthermore, the D-gal-induced aging mouse model indicated that the ABPs + AB-Ca group showed higher Ca and PINP levels, lower P, ALP, and CTX-1content in serum, and considerably higher tibia index and tibia calcium content. Results showed that ABPs + AB-Ca increased bone formation and inhibited bone resorption, thereby providing calcium supplements for ameliorating senile osteoporosis (SOP).
Keywords: antler bone; peptides; calcium absorption; intestinal Caco‑2 cells; aging mouse model

1. Introduction
Calcium deficiency is prevalent, especially in the elderly [1], with serious clinical consequences such as senile osteoporosis (SOP), which is characterized by reduced bone mass, increased bone weakness, and degraded microstructural bone structures [2-4]. The number of fractures caused by SOP exceeds 8.9 million per year, primarily in Europe and America [5]; among which, hip fracture is the most destructive in the elderly, with a mortality rate of up to 20% one year after the fracture [4,6].
Calcium supplementation, one of the most effective approaches to reduce the risk of SOP [7], is difficult in the elderly because of the degenerative decay of intestinal absorption and renal reabsorption [8]. Research has shown that calcium absorption can be promoted by bisphosphonate (BPs), which inhibits osteoclast activity and attenuates bone loss [9]. Recombinant human parathyroid hormone (rhPTH) improves bone mass by boosting calcium absorption in the intestine and renal reabsorption [10]. Nevertheless, some negative effects of these treatments have been reported, including skeletal pain [11], osteosarcoma [12], hypercalcemia [11], and jaw osteonecrosis [12]. However, calcium carbonate is another highly efficient strategy for calcium supplementary products to avoid SOP. Unfortunately, calcium carbonate has limited therapeutic advantages in practice, with poor absorption and bioavailability owing to its insolubility in the intestine [13,14]. 
[bookmark: _Hlk102083889][bookmark: _Hlk97970810][bookmark: _Hlk101815010][bookmark: _Hlk101821000][bookmark: _Hlk101822577][bookmark: _Hlk102412378]Peptides have been demonstrated to have considerable benefits in calcium absorption based on their calcium-binding activity; they are regarded as ideal candidates to assist in calcium supplementation [15,16]. Peptides from pig bone collagen [17], chicken foot broth byproduct [18], Alaska pollock skin [19], tilapia [20], wheat germ [21], and cucumber seeds [22] have been observed to have calcium-binding activity. The study found that peptide–calcium chelate promoted Ca absorption through the intestinal wall by sustaining the soluble Ca concentration in the intestine [23]. Low chelation rate is a major obstacle to large-scale application of commercial production; the calcium-binding activity of peptides generated from chicken metatarsus bone [24] and Alaska pollock skin [25] is 235.7 ± 20.0 mg/g and 11.52 ± 2.23 nmol/µmol, respectively. Therefore, identifying underutilized food products with a high chelation rate is important, especially for elderly individuals with calcium deficiency. Unlike other mammalian tissues or organs, the antler velvet is the only mammalian organ that undergoes periodic replacement [26]. Antler velvet is a traditional Chinese functional food that contains various biological elements and is often used as a dietary and medication supplement [26]. The antler bone was located in the basal section. Analysis of antler bone has revealed that it contains high amounts of protein [27], mineral calcium [28], and phosphorus [29]. The calcium–phosphorus ratio of antler bone is greater than 1:1 and is easily absorbed by the human body [30,31]. Antler bone extracts enhance physical strength [32], serve as antioxidants [33], anti-inflammatory [34], and anti-cancer [35], and improve sexual function [32]. China is an important deer-raising and antler-producing country [36]. Traditionally, antler bone has a low market value owing to severe ossification [30]. However, few studies have highlighted that antler bones serve as sources of calcium and peptide.
[bookmark: _Hlk97589511][bookmark: _Hlk101819130]Therefore, this study aimed to investigate the effect of velvet antler peptide-calcium chelate on calcium absorption in the elderly. Calcium and peptides were obtained from antler bone and identified by atom absorption spectroscopy (AAS) and mass spectrometry (MS). The peptide–calcium chelate was developed and identified using Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). Finally, the calcium transport capacity of peptide–calcium chelate was investigated in vitro, and bone metabolism in an aging mouse model was investigated in vivo. The results of this work provide fundamental theoretical research on the use of antler bone peptides to fabricate peptide–calcium chelates, which might be employed as a functional food component to provide calcium fortification for ameliorating SOP.
2. Materials and methods 
2.1. Reagents and materials
[bookmark: _Hlk102749697]Fresh antler bone was provided by CHANG SHENG Deer Industry Co., Ltd. (Jilin, China) and preserved at −20 °C until use. Malic acid was purchased from Wan Bang Industrial Co. Ltd. (Zhengzhou, China). Flavourzyme (≥20 units/mg) and d-galactose were obtained from Yuanye Biotechnology (Shanghai, China). DMEM/F-12, penicillin-streptomycin, fetal bovine serum (FBS), and other reagents were obtained from Gibco (Carlsbad, CA, USA) and Sigma-Aldrich (St Louis, USA), respectively. Other reagents were commercially available and of analytical grade or higher.
2.2. Bone calcium solution and total ash determination
[bookmark: _Hlk102636232][bookmark: OLE_LINK8][bookmark: _Hlk102636896][bookmark: _Hlk98417512][bookmark: OLE_LINK9][bookmark: OLE_LINK7]The preparation of antler bone calcium was evaluated by applying the method of Weaver et al. with a few adjustments [37]. The antler bone was sliced using a bone slicer, cleaned in deionized water to neutral pH, and then dried at room temperature (RT). After drying, the bone was ground into powder. Antler bone powder (1 g) was weighed and combined with 10 mL malic acid solution, which was prepared at a concentration of 5%, then stirred at 55 ℃ for 70 min. The solution was centrifuged at the process of 10000 ×g for 10 minutes, and RT, yielding a clear supernatant containing the bone calcium solution (AB-Ca). AB-Ca was then lyophilized and preserved at -20 °C for use as CaCl2 replacement. Weighed the antler bone section (2 g), put it into a muffle furnace (SGM-M16/10, SIGMA, China) and dried for over 12 h at 550 °C until it reached a constant weight. The ash weight was calculated, the sample was diluted with deionized water, and calcium was tested using AAS (PE-700, Agilent, USA).
[bookmark: _Hlk102636185]2.3. Peptide extraction
[bookmark: _Hlk106089859][bookmark: _Hlk102636985][bookmark: _Hlk100389873][bookmark: _Hlk106089921][bookmark: _Hlk102729334]Extraction of antler bone peptides was performed according to Wu’s method [17] with slight modifications. Antler bone slices were diced with a bone slicer, rinsed with deionized water to a neutral pH, and dried at RT. In prior study, Flavourzyme was used to obtain antler bone peptides (ABPs) with a pH of 8.5, a temperature of 50 °C, a hydrolysis period of 5 h, a substrate concentration of 10%, and an enzyme dose of 7000 U/g. After enzymatic digestion, enzyme inactivation (100 °C, 5 min), centrifugation (4 °C, 10 min, 10733 ×g), collected the supernatant, lyophilized, and then preserved at -20°C for backup.
2.4. MS identification and sequence analysis of ABPs
[bookmark: _Hlk106090356][bookmark: _Hlk106090274]MS was used to identify lyophilized ABPs using an Orbitrap XL instrument (Thermo Fisher Scientific, USA). (A) Formic acid (1%) and (B) CH3CN (1% formic acid) were used as aqueous mobile phases. At a flow rate 400 L/min for 50 min, a linear gradient of B from 3% to 44% was utilized to elute ABPs. The MS parameters were as follows:2.2 kV spray voltage, 5 μL/min flow rate, and 350.0–1550.0 m/z mass range. The original peptide sequences from the deer antler (Cervus elaphus) database were identified using the UniProt database.
2.5. Calcium binding capacity of ABPs
[bookmark: _Hlk106090439]Lyophilized ABPs were dissolved in deionized water and AB-Ca was added at the same mass ratio (1:1). The solution was stirred at pH 7.5, 50 °C for 60 minutes. After the chelation reaction, the mixture was added to absolute ethanol (v/v 1:9), centrifuged, gathered, freeze-dried, and labeled as a peptide-calcium chelate. AAS was used to assess calcium concentration in the supernatant. With minor modifications, calcium-binding capacity was calculated using the method of Wu et al. [38]. The peptide-calcium chelate was lyophilized for further use. Commercially available bone peptides from cattle were used as controls. 
[bookmark: _Hlk102263053]2.6. FTIR measurement	
[bookmark: _Hlk100149645][bookmark: _Hlk106090531][bookmark: _Hlk106090551]Samples (1 mg) of ABPs or peptide–calcium chelate were crushed with 100 mg of dry KBr and then compressed into a clear piece for evaluation. An FTIR instrument (Thermo Nicolet iS5, USA) was used to obtain absorption spectra in the 400–4000 cm-1 region. Omnic 8.2 software (Thermo Nicolet, USA) was used to analyze the peak signals in the spectra.
2.7. SEM measurement
[bookmark: _Hlk106090744]The samples (ABPs and peptide-calcium chelate) were added to the plate and sprayed with gold. Images of ABPs and peptide–calcium chelates were acquired by SEM (SU8010, HITACHI, Japan) at a voltage of 5 kV.
2.8. The Caco-2 cells monolayers establishment
[bookmark: _Hlk106090835][bookmark: _Hlk102759856]Caco-2 cells were cultured at 37 °C in 5% CO2 in fresh medium (DMEM/F-12, 10% FBS, and 1% penicillin-streptomycin). Adherent cells were dissociated with 0.25% trypsin and then inoculated in 24-well Transwell plates with polycarbonate membranes (TCS001024, JET BIOFOL, China) at a density of 1 × 105 cells/mL. An electrical resistance meter was used to measure the resistance values of the intestinal Caco-2 cell monolayers (Millicell-ERS, Millipore Corp.), and the cell culture medium was replenished on alternate days. The cell model was established when the transepithelial electrical resistance (TEER) exceeded 300 Ω/cm2, and calcium transport experiments were performed.
2.9. Caco-2 cells monolayer calcium transport studies
[bookmark: _Hlk100403969][bookmark: _Hlk93066363][bookmark: OLE_LINK11]Calcium transport was measured following Sun’s method [39], with slight modifications. The cell model was cultured in HBSS (without Ca and Mg) at 37 ℃ with 5% CO2 for 30 min. The apical side was then supplied with AB-Ca (equivalent to calcium 60 μg/well) and ABPs + AB-Ca (ABPs:60 μg/well; AB-Ca: equivalent to calcium 60 μg/well). Each sample was pre-mixed with Caco-2 cells at 37 °C for 30 min. Equal amounts of CaCl2 were used as the control group. AAS was used to measure calcium concentration in 500 μL of HBSS from the basolateral side (BS) at given points in time (30, 60, 90, 120, 150, 180, and 240 min). The volume of the BS was maintained by promptly adding 500 μL of new HBSS. The total Ca transport to the BS was calculated according to Wu et al. [17] as follows:

[bookmark: _Hlk106090992][bookmark: _Hlk102436756]“Bn” indicates the total amount of Ca transported to the BS of each well at the given time-point (unit: g/well). “An” indicates the Ca concentration of the HBSS in the BS of each well at the given time-point (unit: g/mL). “0.5” indicates that the Ca concentration was determined by taking 0.5 mL of HBSS from the BS of each well. n (independent variable) might be 1, 2, 3, 4, 5, 6, or 7, corresponding to time points of 30, 60, 90, 120, 150, 180, and 240 min, respectively.
2.10. Animals
[bookmark: _Hlk112958237]The Liaoning Changsheng Experimental Animal Center (Liaoning, China) provided male ICR mice (eight-weeks-old). The mice had free adequate food and sterile water with maintained controlled temperature, humidity, and light (22 ± 3 °C, 60 ± 5%, and diurnal cycle of 12 h) in the environment at the Animal Center of Jilin University (Permission number: KT202003150). The experimental protocol was approved by the Institutional Animal Care and Use Committee (IACUC).
2.11. Feeding procedures and daily observation of physical condition
[bookmark: _Hlk98163227]After a week of adaptation, the mice were randomly divided into four groups: control, CaCl2 group, AB-Ca, and the ABPs + AB-Ca group (n=8). D-gal was administered subcutaneously to all mice at a dose of 400 mg/kg for 58 days [40]. On day 28, the mice in the NC group were administered 0.9% normal saline orally, those in the CaCl2 group with CaCl2 (30 mg calcium per 100 g), those in the AB-Ca group with AB-Ca (30 mg calcium per 100 g), and those in the ABPs + AB-Ca group with ABPs (30 mg ABPs per 100 g) and AB-Ca (30 mg calcium per 100 g) for 30 days before sacrifice. The AIN-93M diet [41] formula and deionized water were freely available to all the mice. The body weight (BW) of each mouse was measured and recorded once per week using an electronic balance. Figure 1 depicts the schedule of the complete mouse experimental process.
[image: ]
Figure 1. Full animal experimental protocol’s timetable. For 58 days, all groups were administered subcutaneous D-gal (400 mg/kg/day) in the morning. Each group was gavaged with 0.9% saline, CaCl2, AB-Ca, and ABPs + AB-Ca daily for 30 days when D-gal was injected for 28 days, and BW was recorded every week. The mice were killed on day 58.
[bookmark: _Hlk112418586]2.12. Serum biochemistry
The mice were sedated with isoflurane at the conclusion of the experimental feeding period and suborbital blood was obtained immediately. Blood samples were coagulated for 2 h at RT, centrifuged at RT for 20 min at 2000 ×g to extract the serum, and then preserved at -80 °C before use. Serum biochemical levels of Ca and P (Beijing Solarbio, China), ALP (Nanjing Jiancheng, China), PINP (ZCI BIO, China), and CTX-1 (Elabscience, China) were measured using commercially available kits.
2.13. Estimation of visceral indices
The mice were euthanized by fast cervical dislocation on day 58. Visceral indices were calculated by weighing the heart, liver, spleen, lungs, and kidneys.


2.14. Micro-CT analysis
All left tibias were extracted and dissected, and any tissue attached to the tibia was removed. Vernier caliper and electronic balance were used to determine the length and weight of the tibias, respectively. A dual-energy X-ray absorptiometer (AG CT50, Zurich, Switzerland) was used to analyze the tibial indices.
2.15. Determination of total ash
Bone calcium levels were analyzed using AAS, and all left tibia bones were weighed, dried, and dissolved in deionized water according to a previously described antler bone calcium determination method.
[bookmark: _Hlk101954999]2.16. Statistical analyses
All experimental data are shown as the mean ± SD of at least three independent experiments. One-way or two-way variance (ANOVA) was used to measure statistical differences among the groups. All statistical analyses were performed using GraphPad Prism 9.0 (CA, USA). Differences were considered statistically significant at P < 0.05.
[bookmark: _Hlk101953608][bookmark: _Hlk112453214][bookmark: _Hlk101955605]3. Results and discussion
3.1. Antler bone calcium (AB-Ca)
Antler bone had a calcium concentration of 34.36 ± 0.23% by AAS measurement, similar to that of the elemental calcium in anhydrous calcium chloride (at 36%). The gross composition of antler bone is similar to that of other bones [29] with a high elemental calcium concentration, which agrees with the findings of Landete–Castillejos et al. [27]. After treatment with 5% malic acid at 55 ℃ for 70 min, 0.14 g calcium in the solution was obtained from 1 g antler bone. Therefore, AB-Ca provides a source of calcium for chelation reactions with peptides, as proven in this study.
3.2. Calcium-binding capacity and amino sequences analysis of ABPs
In our study, ABPs were shown to have a calcium-binding capacity of 53.68 ± 1.80%, substantially higher than the standard of cattle bone collagen peptide (36.69 ± 0.56%). The capacity of peptides to bind calcium is related to their molecular weights and amino acid compositions. Thus, the molecular weight and amino acid sequences of the ABPs were determined using mass spectrometry. The molecular weight of the ABPs ranged from 567.27 Da to 1649.76 Da, as shown in Table 1. These findings are supported by prior research that revealed that lower molecular mass peptides have a proclivity for combining with calcium ions [42,43]. The amino acid sequences of the ABPs corresponded well with the UniProt database (Table 1). The results showed that the sequences Gly-Pro-Gly, Pro-Gly-Pro, Gly-Ala-Pro, and Gly-Glu-Pro-Gly were highly repeated in ABPs, which have been proven to be associated with bone remodeling in previous studies [44]; Gly, Pro, Glu, and Ala appeared in almost every peptide. Gly, Pro, and Glu are abundant in Pacific cod bone peptides, which are essential for calcium-binding activities [45]. The high amounts of Gly and Glu were linked to high calcium affinity in Hoki bone hydrolysates, indicating that the peptide sequences in our analysis were comparable [46]. The high chelation rate of peptide–calcium chelate obtained by ABPs due to its Gly, Pro, and Glu abundance is effective for some difficult calcium supplementation targets, such as SOP.
[bookmark: _Hlk101817414]Table 1 ABPs were identified by their peptide sequences and molecular weight.
	Peptide sequences
	Molecular weight (Da)

	Gly-Pro-Gly-Ser-Pro-Gly-Pro
	567.27

	Gly-Asp-Gln-Gly-Val-Pro-Gly
	628.28

	Gly-Pro-Ala-Gly-Pro-Gly-Pro-Pro
	648.32

	Gly-Ala-Pro-Gly-Pro-Ser-Gly-Pro
	680.31

	Gly-Pro-Gly-Pro-Ile-Gly-Asn
	707.36

	Gly-Ser-Pro-Pro-Ala-Thr-Ser-Cys
	760.31

	Gly-Pro-Ala-Gly-Pro-Pro-Gly-Ala-Pro
	761.37

	Gly-Glu-Pro-Gly-Lys-Gln-Gly-Pro
	768.38

	Gly-Ala-Pro-Gly-Pro-Ser-Pro-Gly-Pro
	777.37

	Gly-Ser-Pro-Pro-Gly-Glu-Gly-Ala-Pro
	809.36

	Gly-Ala-Pro-Gly-Pro-Pro-Ser-Gly-Gly-Pro
	834.39

	Gly-Glu-Pro-Gly-Pro-Glu-Gly-Pro-Ala-Gly
	866.38

	Gly-Glu-Arg-Gly-Glu-Gln-Gly-Ala-Pro
	899.41

	Gly-Pro-Pro-Gly-Glu-Pro-Gly-Pro-Pro-Gly-Pro-Pro-Gly-Pro
	1208.58

	Gly-Pro-Glu-Gly-Pro-Pro-Gly-Glu-Pro-Gly-Pro-Pro-Gly-Pro
	1240.57

	Gly-Pro-Glu-Gly-Pro-Pro-Gly-Glu-Pro-Gly-Pro-Pro-Gly-Pro-Pro
	1337.63

	Gly-Asp-Ile-Gly-Pro-Pro-Gly-Pro-Gln-Gly-Pro-Pro-Gly-Pro
	1241.60

	Gly-Glu-Val-Gly-Gln-Ile-Gly-Pro-Arg-Gly-Glu-Asp-Gly-Pro-Glu-Gly-Pro
	1649.76



[bookmark: _Hlk102413307]3.3. FTIR measurement of peptide–calcium chelate
FTIR spectroscopy has been used to reveal the formation of organic functional groups of peptides and calcium ions [47], similar to that of an excellent instrument for understanding the structures of peptides [48]. Figure 2 illustrates the spectra of the ABPs and peptide–calcium chelates. After the chelation reaction, the high absorption peak at 3442.31 cm-1 shifted to 3422.31 cm-1, illustrating that N-H participated in the formation of hydrogen bonds after chelation with AB-Ca [49]. The absorption of the amide-I vibration at 1641.13 cm-1 indicates that the stretching vibration of C=O was displaced to 1633.41 cm-1, following chelation with AB-Ca. The stretching of -COOH coupled with AB-Ca to generate -COO-Ca causes the peak at 1066.92 cm-1 to shift to a higher valley peak at 1125.26 cm-1. The wavenumber shifted from 515.38 cm-1 to 526.47 cm-1 as the C-H and N-H bonds were replaced by N-Ca bonds [50]. In summary, ABPs exploit carboxyl oxygen and amino nitrogen to chelate AB-Ca to synthesize peptide–calcium chelates. The results of the cucumber seed peptide–calcium chelate were comparable to those of this study [22]. 
[image: ]
Figure 2. FTIR measurement of (A) ABPs and (B) peptide–calcium chelate. ABPs (black line): antler bone peptides, peptide–calcium chelate (red line): antler bone peptide–calcium chelate.
3.4. SEM measurement of peptide–calcium chelate
The microstructures of ABPs and peptide–calcium chelates are shown in Figures 3. The surface structure of the ABPs was smooth with a floccule structure or granular substance attached to the surface, which may have been caused by the adsorption of a small amount of free calcium in the peptide extraction process. After the chelation reaction, the peptide–calcium chelate displayed a denser cluster structure, and many spherical aggregates were observed under magnification, indicating that ABPs chelated with AB-Ca to form denser particles [51]. The differences in the microstructures shown in Figures 3 might be due to the interaction between ABPs and peptide–calcium chelate, forming a new structure. The study of desalinated duck egg white peptides showed consistent results, and the chelation of peptides and calcium changed the morphological characteristics [52].
[image: 墙上贴着一些海报

中度可信度描述已自动生成]
Figure 3. SEM pictures and structural characterization of (A1 and A2) ABPs, and (B1 and B2) peptide–calcium chelate. (A1) ABPs at ×1000 magnification; (A2) ABPs at ×10000 magnification; (B1) peptide–calcium chelate at ×1000 magnification; (B2) peptide–calcium chelate at ×10000 magnification.
[bookmark: _Hlk101955132]3.5. ABPs significantly improved calcium transport in intestinal Caco-2 cells
The Caco-2 cell monolayer model has been effectively used to simulate absorption, including mineral elements [53] and peptides [54]. Caco-2 cells (human intestinal adenocarcinoma cells) are suitable models for simulating human intestinal cells in vitro [16]. In this study, Caco-2 cells naturally differentiated into a monolayer cell model during 19 days of cell culture [55], and the TEER values of the monolayer were measured (Figure 4A).
[image: ]
Figure 4. Calcium transport in intestinal Caco-2 cell was considerably enhanced by ABPs. (A) The TEER values of the Caco-2 cell monolayers in different days. (B) Calcium transport of CaCl2, AB-Ca, and ABPs + AB-Ca through intestinal Caco-2 cell monolayers. The columns labeled with different letters (a, b, and c) at a given point in time are different significantly (P < 0.05), while the same letters are not (P > 0.05).
Subsequently, ABPs’ calcium transport activity was assessed. Our results showed that ABPs significantly improved calcium transport activity compared with the NC and AB-Ca groups in the Caco-2 monolayer model (Figure 4B). Within 240 min, calcium absorption increased with time. In the first 30 min, the calcium transport rate of the ABPs + AB-Ca group was especially notable; subsequently, calcium transport was sluggish. The rates of calcium transport in the ABPs + AB-Ca group were 3.88-, 2.13-, 2.55-, 3.13-, 2.38-, 2.31-, and 2.30-fold greater than those in the NC group, and 1.28-, 1.24-, 1.13-, 1.15-, 1.20-, 1.19-, and 1.19-fold greater than those of the AB-Ca group at 30, 60, 90, 120, 150, 180, and 240 min, respectively. Moreover, the AB-Ca group showed improved calcium transport by 3.03-, 1.71-, 2.26-, 2.74-, 1.98-, 1.94, and 1.93 times over that of the NC group (from 30 to 240 min). Organic calcium has a higher solubility and absorption rate and causes less irritation to the gastrointestinal tract than inorganic calcium [56]. In vitro, calcium malate from eggshells may improve calcium absorption, which is comparable to our findings.
[bookmark: _Hlk102845241]Owing to the degenerative decline in intestinal calcium absorption caused by SOP, peptide–calcium chelates with a high chelation rate bonded calcium for transport, easily released ions, and improved intestinal calcium absorption [57]. Transcellular and paracellular pathways are the two primary mechanisms of intestinal calcium absorption. Previous research has suggested that peptides from casein [16] acted as calcium carriers by interacting with TRPV6 and play a role in the Ca2+ transcellular pathway. According to the results of desalted duck egg white peptides, the paracellular route has a minor effect on calcium transport [58]. Pig bone collagen peptides improved calcium transport in intestinal Caco-2 cells, which reversed the inhibitory effects of phosphate and phytate [38]. Small peptides [59] have been demonstrated to be absorbed directly in the intestine. In vitro experiments revealed that ABPs isolated from antler bones greatly increased calcium uptake. Whether ABPs affect TRPV6 via the Ca2+ transcellular pathway participating in the promotion of calcium transport requires further investigation.
3.6. No substantial variation in weight gain and visceral index were found among the groups.
[bookmark: _Hlk102684076]SOPs are major public health issues [60], and their occurrence and severity increase dramatically as the population ages. Aging is generally associated with a decline in bone mass. Nevertheless, previous research has universally accepted the D-gal-induced aging mouse model (Table S1 [61-68]), resulting in bone loss [40]. We used a D-gal-induced (400 mg/kg/day) aging model to identify the unexpected role of peptide–calcium chelate in bone metabolism (Table S2). 
As shown in Figure 5A, no significant variation in weight gain was found among the groups (P > 0.05). Visceral indices showed no statistical differences among the groups, as shown in Figure 5B (P > 0.05). These data indicate that the current dose of CaCl2, AB-Ca, and ABPs+AB-Ca groups had no evident effect on normal growth and health. No diarrhea was observed during the experiment. This result was similar to those of studies conducted in rodents [69,70], indicating that antler polypeptides are harmless, without teratogenic or hepatoprotective effects.
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Figure 5. Change of body weight (A) and visceral index of different viscus (B) in different groups. Data are expressed as the mean ± SD (n=8). Columns labeled with different letters (a, b, and c) are different significantly (P < 0.05), while with the same letters are not (P > 0.05).
3.7. ABPs + AB-Ca group had significant increase of Ca and PINP and decrease of P, ALP, and CTX-1 content in the serum
[bookmark: _Hlk112958109][bookmark: _Hlk112453337]Table 2 shows that the ABPs + AB-Ca group had higher serum Ca concentrations than the NC, CaCl2, and AB-Ca groups (P < 0.05). The ABPs + AB-Ca group had substantially lower serum P levels than the other groups (P < 0.05). The AB-Ca and ABPs + AB-Ca groups had significantly lower serum ALP and CTX-1 levels than the NC and CaCl2 groups (P < 0.05), and the AB-Ca and ABPs + AB-Ca groups showed no significant difference (P > 0.05). The results revealed that ABPs + AB-Ca raised serum Ca levels, similar to the results of peptides from pacific cod bone, due to the lower fecal and urine calcium excretion [71]. P is an important inorganic nutrient in bone metabolism [72], and increased bone resorption leads to increased serum P concentrations [73]. This analysis indicated that ABPs + AB-Ca reduced serum P levels, which is comparable to the results of Chen et al. [74]. ALP, a biomarker of bone formation and metabolism, is elevated when calcification is aberrant and plays a vital role in bone calcification process [16]. The ALP activity of the ABPs + AB-Ca group was substantially reduced ALP activity compared than that of the NC, CaCl2, and AB-Ca groups (P < 0.05) (Table 2). This finding is similar to that of Yang et al. [75]. Serum PINP level is a marker of bone formation [76]. PINP activity was significantly higher in the ABPs + AB-Ca group than in the NC and CaCl2 groups (P < 0.05), whereas there was no difference between the AB-Ca and ABPs + AB-Ca groups (P > 0.05). Serum CTX-1 is a bone turnover marker that is used to measure bone resorption. High CTX-1 levels promote bone resorption and calcium release from the bone [77]. The ABPs + AB-Ca group had substantially reduced CTX-1 activity compared to the NC and CaCl2 groups (P < 0.05), and the AB-Ca and ABPs + AB-Ca groups showed no differences (P > 0.05). These findings suggest that consumption of ABPs + AB-Ca can promote bone formation and prevent bone resorption in D-gal-induced aging mice.
3.8. Tibia index and Ca content were significantly increased in ABPs+AB-Ca group 
Tibial properties are very sensitive to calcium absorption and metabolism and can be used as a monitoring indicator for calcium supplementation experiments [60]. Table 2 shows no substantial differences in tibial weight and length between the groups (P > 0.05). This finding is consistent with those of prior investigations [16]. The calcium concentration of the tibia was considerably greater in the ABPs + AB-Ca groups than in the NC, CaCl2, and AB-Ca groups (P < 0.05). Furthermore, the NC, CaCl2, and AB-Ca groups showed no differences in tibial calcium levels (P > 0.05). These findings are in line with those of previous publications [78].
Bone mineral density (BMD) is widely accepted as the gold standard for determining bone loss and osteoporosis [79]. Calcium deficiency causes SOP, which leads to a decrease in the BMD. The ABPs + AB-Ca group had considerably higher BMD than the other three groups (P < 0.05), while the other three groups did not differ significantly (P > 0.05). Compared to other peptides, casein phosphopeptides [15,80] had no discernible effect on BMD improvement. However, ABPs + AB-Ca treatment caused a 21.1% increase in BMD, which had a significant effect on the reduction of BMD caused by SOP. This finding is consistent with those of previous studies [80,81]. These studies revealed that ABPs ameliorated the bone microstructure by increasing calcium absorption.
[bookmark: _Hlk112452737]Table 2 Serum biochemistry and tibia physicochemical indices of mice in different groups 
	Measurements
	NC
	CaCl2
	AB-Ca
	ABPs + AB-Ca

	Serum biochemistry
	
	
	

	ALP (U/L)
	12.95 ± 2.92 a
	11.79 ± 1.83 a
	6.56 ± 0.84 b
	5.53 ± 0.40 b

	Ca (μmol/dL)
	38.09 ± 3.74 a
	39.68 ± 5.16 a
	40.07 ± 1.67 a
	63.59 ± 6.12 b

	P (mmol/L)
	3.17 ± 0.13 a
	3.17 ± 0.09 a
	3.25 ± 0.52 a
	2.48 ± 0.13 b

	PINP (ng/mL)
	3.30 ± 0.56 a
	[bookmark: _Hlk112960226]3.23 ± 0.19 a
	4.13 ± 0.05 b
	4.65 ± 0.33 b

	CTX-1 (pg/mL)
	218.24 ± 15.77 a
	205.60 ± 10.66 a
	172.70 ± 6.72 b
	160.99 ± 1.07 b

	Tibia physicochemical indices
	
	
	

	Length (mm)
	19.65 ± 1.20 a
	19.85 ± 0.55 a
	20.10 ± 0.11 a
	19.68 ± 0.49 a

	Dry bone weight (g)
	0.045 ± 0.008 a
	0.048 ± 0.007 a
	0.050 ± 0.004 a
	0.045 ± 0.002 a

	Ca/Ash bone (μg/mg)
	387.18 ± 2.57 a
	386.14 ± 0.10 a
	387.64 ± 1.71 a
	398.92 ± 2.55 b

	BMD (mg/cm2)
	531.38 ± 34.51 a
	570.37 ± 2.82 a
	599.92 ± 34.01 a
	643.51 ± 57.33 b


Data are presented as the mean ± SD (n ≥ 4). Mean values with different superscripts (a, b) in the same row are significantly different (P < 0.05), whereas the same superscripts are not (P > 0.05). 
4. Conclusions
[bookmark: _Hlk101194480]Our results revealed that the peptide–calcium chelate with a 53.68 ± 1.80% binding rate was prepared. The peptide–calcium chelate was analyzed using FTIR and SEM to characterize the binding between ABPs and AB-Ca. In vitro analysis using an intestinal Caco-2 cell model revealed that ABPs enhanced the calcium uptake activity. In vivo tests in an aging mouse model revealed that ABPs+AB-Ca alleviated age-related bone loss and improved the bone microstructure. Collectively, our findings provide a scientific foundation for the development of novel calcium supplements and high-value use of antler bone, which may be used to avoid calcium insufficiency in the elderly.
Author Contributions: Zhaoguo Wang, Xiaorui Zhai and Linlin Hao designed the experiments. Zhaoguo Wang, Xiaorui Zhai, Hongyan Wu, Xi Chen, Yuan Gao, Songcai Liu and Yunyun Cheng carried out the experiments. Zhaoguo Wang, Jiayuan Fang, Shuo Zheng and Linlin Hao analyzed the sequencing data. Zhaoguo Wang, Xiaorui Zhai and Linlin Hao wrote the manuscript.
Funding: This work was supported by Jilin Scientific and Technological Development Program (20200404058YY).
Conflicts of Interest: There are no conflicts of interest to declare.
References
Laurent, M.R.; Dedeyne, L.; Dupont, J.; Mellaerts, B.; Dejaeger, M.; Gielen, E. Age-related bone loss and sarcopenia in men. Maturitas 2019, 122, 51-56, doi:10.1016/j.maturitas.2019.01.006.
Cosman, F.; de Beur, S.J.; LeBoff, M.S.; Lewiecki, E.M.; Tanner, B.; Randall, S.; Lindsay, R. Clinician's Guide to Prevention and Treatment of Osteoporosis. Osteoporosis Int 2014, 25, 2359-2381, doi:10.1007/s00198-014-2794-2.
Nuti, R.; Brandi, M.L.; Checchia, G.; Di Munno, O.; Dominguez, L.; Falaschi, P.; Fiore, C.E.; Iolascon, G.; Maggi, S.; Michieli, R.; et al. Guidelines for the management of osteoporosis and fragility fractures. Intern Emerg Med 2019, 14, 85-102, doi:10.1007/s11739-018-1874-2.
Coughlan, T.; Dockery, F. Osteoporosis and fracture risk in older people. Clin Med 2014, 14, 187-191, doi:DOI 10.7861/clinmedicine.14-2-187.
Clynes, M.A.; Harvey, N.C.; Curtis, E.M.; Fuggle, N.R.; Dennison, E.M.; Cooper, C. The epidemiology of osteoporosis. Brit Med Bull 2020, 133, 105-117, doi:10.1093/bmb/ldaa005.
Rinonapoli, G.; Ruggiero, C.; Meccariello, L.; Bisaccia, M.; Ceccarini, P.; Caraffa, A. Osteoporosis in Men: A Review of an Underestimated Bone Condition. Int J Mol Sci 2021, 22, doi:ARTN 210510.3390/ijms22042105.
Reid, I.R.; Bristow, S.M.; Bolland, M.J. Calcium supplements: benefits and risks. J Intern Med 2015, 278, 354-368, doi:10.1111/joim.12394.
Cristina, N.M.; Lucia, D. Nutrition and Healthy Aging: Prevention and Treatment of Gastrointestinal Diseases. Nutrients 2021, 13, doi:ARTN 433710.3390/nu13124337.
Maraka, S.; Kennel, K.A. Bisphosphonates for the prevention and treatment of osteoporosis. Bmj-Brit Med J 2015, 351, doi:ARTN h378310.1136/bmj.h3783.
Barrett-Connor, E.; Stuenkel, C.A. Hormone replacement therapy (HRT) - risks and benefits. Int J Epidemiol 2001, 30, 423-426, doi:DOI 10.1093/ije/30.3.423.
Neer, R.M.; Arnaud, C.D.; Zanchetta, J.R.; Prince, R.; Gaich, G.A.; Reginster, J.Y.; Hodsman, A.B.; Eriksen, E.F.; Ish-Shalom, S.; Genant, H.K.; et al. Effect of parathyroid hormone (1-34) on fractures and bone mineral density in postmenopausal women with osteoporosis. New Engl J Med 2001, 344, 1434-1441, doi:Doi 10.1056/Nejm200105103441904.
Whitaker, M.; Guo, J.; Kehoe, T.; Benson, G. Bisphosphonates for Osteoporosis - Where Do We Go from Here? New Engl J Med 2012, 366, 2048-2051, doi:10.1056/NEJMp1202619.
Hou, T.; Lu, Y.L.; Guo, D.J.; Liu, W.W.; Shi, W.; He, H. A pivotal peptide (Val-Ser-Glu-Glu) from duck egg white promotes calcium uptake and structure-activity relationship study. J Funct Foods 2018, 48, 448-456, doi:10.1016/j.jff.2018.07.034.
Jin, Y.G.; Fu, W.W.; Ma, M.H. Preparation and structure characterization of soluble bone collagen peptide chelating calcium. Afr J Biotechnol 2011, 10, 10204-10211.
Liu, G.; Sun, S.; Guo, B.; Miao, B.; Luo, Z.; Xia, Z.; Ying, D.; Liu, F.; Guo, B.; Tang, J.; et al. Bioactive peptide isolated from casein phosphopeptides promotes calcium uptake in vitro and in vivo. Food Funct 2018, 9, 2251-2260, doi:10.1039/C7FO01709J.
Liu, G.; Guo, B.Y.; Sun, S.W.; Luo, M.N.; Liu, F.; Miao, J.Y.; Tang, J.; Huang, Y.H.; Cao, Y.; Song, M.Y. Promoting the Calcium-Uptake Bioactivity of Casein Phosphopeptides in vitro and in vivo. Front Nutr 2021, 8, doi:ARTN 74379110.3389/fnut.2021.743791.
Wu, W.M.; He, L.C.; Liang, Y.H.; Yue, L.L.; Peng, W.M.; Jin, G.F.; Ma, M.H. Preparation process optimization of pig bone collagen peptide-calcium chelate using response surface methodology and its structural characterization and stability analysis. Food Chem 2019, 284, 80-89, doi:10.1016/j.foodchem.2019.01.103.
Malison, A.; Arpanutud, P.; Keeratipibul, S. Chicken foot broth byproduct: A new source for highly effective peptide-calcium chelate. Food Chem 2021, 345, doi:ARTN 12871310.1016/j.foodchem.2020.128713.
Guo, L.D.; Harnedy, P.A.; O'Keeffe, M.B.; Zhang, L.; Li, B.F.; Hou, H.; FitzGerald, R.J. Fractionation and identification of Alaska pollock skin collagen-derived mineral chelating peptides. Food Chem 2015, 173, 536-542, doi:10.1016/j.foodchem.2014.10.055.
Liu, B.T.; Zhuang, Y.L.; Sun, L.P. Identification and characterization of the peptides with calcium-binding capacity from tilapia (Oreochromis niloticus) skin gelatin enzymatic hydrolysates. J Food Sci 2020, 85, 114-122, doi:10.1111/1750-3841.14975.
Wang, L.; Ding, Y.Y.; Zhang, X.X.; Li, Y.F.; Wang, R.; Luo, X.H.; Li, Y.N.; Li, J.; Chen, Z.X. Isolation of a novel calcium-binding peptide from wheat germ protein hydrolysates and the prediction for its mechanism of combination. Food Chem 2018, 239, 416-426, doi:10.1016/j.foodchem.2017.06.090.
Wang, X.; Gao, A.; Chen, Y.; Zhang, X.Y.; Li, S.H.; Chen, Y. Preparation of cucumber seed peptide-calcium chelate by liquid state fermentation and its characterization. Food Chem 2017, 229, 487-494, doi:10.1016/j.foodchem.2017.02.121.
Fordtran, J.S.; Locklear, T.W. Ionic constituents and osmolality of gastric and small-intestinal fluids after eating. Am J Dig Dis 1966, 11, 503-521, doi:10.1007/BF02233563.
Malison, A.; Arpanutud, P.; Keeratipibul, S. Chicken foot broth byproduct: A new source for highly effective peptide-calcium chelate. Food Chem 2021, 345, 128713, doi:10.1016/j.foodchem.2020.128713.
Guo, L.; Harnedy, P.A.; O'Keeffe, M.B.; Zhang, L.; Li, B.; Hou, H.; FitzGerald, R.J. Fractionation and identification of Alaska pollock skin collagen-derived mineral chelating peptides. Food Chem 2015, 173, 536-542, doi:10.1016/j.foodchem.2014.10.055.
Tseng, S.H.; Sung, C.H.; Chen, L.G.; Lai, Y.J.; Chang, W.S.; Sung, H.C.; Wang, C.C. Comparison of chemical compositions and osteoprotective effects of different sections of velvet antler. J Ethnopharmacol 2014, 151, 352-360, doi:10.1016/j.jep.2013.10.060.
Landete-Castillejos, T.; Currey, J.D.; Ceacero, F.; Garcia, A.J.; Gallego, L.; Gomez, S. Does nutrition affect bone porosity and mineral tissue distribution in deer antlers? The relationship between histology, mechanical properties and mineral composition. Bone 2012, 50, 245-254, doi:10.1016/j.bone.2011.10.026.
Landete-Castillejos, T.; Estevez, J.A.; Martinez, A.; Ceacero, F.; Garcia, A.; Gallego, L. Does chemical composition of antler bone reflect the physiological effort made to grow it? Bone 2007, 40, 1095-1102, doi:10.1016/j.bone.2006.11.022.
Landete-Castillejos, T.; Kierdorf, H.; Gomez, S.; Luna, S.; Garcia, A.J.; Cappelli, J.; Perez-Serrano, M.; Perez-Barberia, J.; Gallego, L.; Kierdorf, U. Antlers - Evolution, development, structure, composition, and biomechanics of an outstanding type of bone. Bone 2019, 128, 115046, doi:10.1016/j.bone.2019.115046.
Wu, F.; Li, H.; Jin, L.; Li, X.; Ma, Y.; You, J.; Li, S.; Xu, Y. Deer antler base as a traditional Chinese medicine: A review of its traditional uses, chemistry and pharmacology. J Ethnopharmacol 2013, 145, 403-415.
Kierdorf, U.; Stoffels, D.; Kierdorf, H. Element concentrations and element ratios in antler and pedicle bone of yearling red deer (Cervus elaphus) stags-a quantitative X-ray fluorescence study. Biol Trace Elem Res 2014, 162, 124-133, doi:10.1007/s12011-014-0154-x.
Gilbey, A.; Perezgonzalez, J.D. Health benefits of deer and elk velvet antler supplements: a systematic review of randomised controlled studies. N Z Med J 2012, 125, 80-86.
Zhou, R.; Li, S.F. In vitro antioxidant analysis and characterisation of antler velvet extract. Food Chem 2009, 114, 1321-1327, doi:10.1016/j.foodchem.2008.11.010.
Hung, Y.K.; Ho, S.T.; Kuo, C.Y.; Chen, M.J. In vitro effects of velvet antler water extracts from Formosan Sambar deer and red deer on barrier integrity in Caco-2 cell. Int J Med Sci 2021, 18, 1778-1785, doi:10.7150/ijms.53599.
Zheng, K.X.; Li, Q.L.; Lin, D.O.; Zong, X.Y.; Luo, X.; Yang, M.; Yue, X.Q.; Ma, S.L. Peptidomic analysis of pilose antler and its inhibitory effect on triple-negative breast cancer at multiple sites. Food & Function 2020, 11, 7481-7494, doi:10.1039/d0fo01531h.
Hou, F.J.; Chang, S.H.; Wen, Y.Y. Brief introduction to deer in China. Pratacultural Science 2003.
Weaver, C.M.; Martin, B.R.; Costa, N.; Saleeb, F.Z.; Huth, P.J. Absorption of Calcium Fumarate Salts Is Equivalent to Other Calcium Salts When Measured in the Rat Model. J Agr Food Chem 2002, 50, 4974-4975.
Wu, W.; He, L.; Liang, Y.; Yue, L.; Peng, W.; Jin, G.; Ma, M. Preparation process optimization of pig bone collagen peptide-calcium chelate using response surface methodology and its structural characterization and stability analysis. Food Chem 2019, 284, 80-89, doi:10.1016/j.foodchem.2019.01.103.
Sun, N.; Jin, Z.Q.; Li, D.M.; Yin, H.J.; Lin, S.Y. An Exploration of the Calcium-Binding Mode of Egg White Peptide, Asp-His-Thr-Lys-Glu, and In Vitro Calcium Absorption Studies of Peptide-Calcium Complex. J Agr Food Chem 2017, 65, 9782-9789, doi:10.1021/acs.jafc.7b03705.
Wang, L.P.; Chen, Q.W.; Zhuang, S.Q.; Wen, Y.Y.; Cheng, W.Q.; Zeng, Z.J.; Jiang, T.; Tang, C.P. Effect of Anoectochilus roxburghii flavonoids extract on H2O2- Induced oxidative stress in LO2 cells and D-gal induced aging mice model. J Ethnopharmacol 2020, 254, doi:ARTN 11267010.1016/j.jep.2020.112670.
Reeves, P.G.; Nielsen, F.H.; Fahey, G.C., Jr. AIN-93 purified diets for laboratory rodents: final report of the American Institute of Nutrition ad hoc writing committee on the reformulation of the AIN-76A rodent diet. J Nutr 1993, 123, 1939-1951, doi:10.1093/jn/123.11.1939.
Huang, G.R.; Ren, Z.Y.; Jiang, J.X.; Chen, W.W. Purification of a Hepta-peptide with Iron Binding Activity from Shrimp Processing By-products Hydrolysates. Advance Journal of Food Science & Technology 2012, 4, 207-212.
Huang, G.; Ren, Z.; Jiang, J. Separation of Iron-Binding Peptides from Shrimp Processing By-products Hydrolysates. Food & Bioprocess Technology 2011, 4, 1527-1532.
Zhang, L.; Zhang, S.Q.; Song, H.D.; Li, B. Effect of Collagen Hydrolysates from Silver Carp Skin (Hypophthalmichthys molitrix) on Osteoporosis in Chronologically Aged Mice: Increasing Bone Remodeling. Nutrients 2018, 10, doi:ARTN 143410.3390/nu10101434.
Zhang, K.; Li, B.F.; Chen, Q.R.; Zhang, Z.H.; Zhao, X.; Hou, H. Functional Calcium Binding Peptides from Pacific Cod (Gadus macrocephalus) Bone: Calcium Bioavailability Enhancing Activity and Anti-Osteoporosis Effects in the Ovariectomy-Induced Osteoporosis Rat Model. Nutrients 2018, 10, doi:ARTN 132510.3390/nu10091325.
Jung, W.K.; Park, P.J.; Byun, H.G.; Moon, S.H.; Kim, S.K. Preparation of hoki (Johnius belengerii) bone oligophosphopeptide with a high affinity to calcium by carnivorous intestine crude proteinase. Food Chem 2005, 91, 333-340, doi:10.1016/j.foodchem.2004.06.016.
Qian, J.Y.; Chen, W.; Zhang, W.M.; Zhang, H. Adulteration identification of some fungal polysaccharides with SEM, XRD, IR and optical rotation: A primary approach. Carbohyd Polym 2009, 78, 620-625, doi:10.1016/j.carbpol.2009.05.025.
Nara, M.; Morii, H.; Tanokura, M. Coordination to divalent cations by calcium-binding proteins studied by FTIR spectroscopy. Biochim Biophys Acta 2013, 1828, 2319-2327, doi:10.1016/j.bbamem.2012.11.025.
Doyle, B.B.; Bendit, E.G.; Blout, E.R. Infrared spectroscopy of collagen and collagen-like polypeptides. Biopolymers 1975, 14, 937-957, doi:10.1002/bip.1975.360140505.
Chen, D.; Liu, Z.Y.; Huang, W.Q.; Zhao, Y.H.; Dong, S.Y.; Zeng, M.Y. Purification and characterisation of a zinc-binding peptide from oyster protein hydrolysate. J Funct Foods 2013, 5, 689-697, doi:10.1016/j.jff.2013.01.012.
Zhang, Z.R.; Zhou, F.B.; Liu, X.L.; Zhao, M.M. Particulate nanocomposite from oyster (Crassostrea rivularis) hydrolysates via zinc chelation improves zinc solubility and peptide activity. Food Chem 2018, 258, 269-277, doi:10.1016/j.foodchem.2018.03.030.
Sun, N.; Wang, Y.X.; Bao, Z.J.; Cui, P.B.; Wang, S.; Lin, S.Y. Calcium binding to herring egg phosphopeptides: Binding characteristics, conformational structure and intermolecular forces. Food Chem 2020, 310, doi:ARTN 12586710.1016/j.foodchem.2019.125867.
Cao, Y.; Miao, J.Y.; Liu, G.; Luo, Z.; Xia, Z.M.; Liu, F.; Yao, M.F.; Cao, X.Q.; Sun, S.W.; Lin, Y.Y.; et al. Bioactive Peptides Isolated from Casein Phosphopeptides Enhance Calcium and Magnesium Uptake in Caco-2 Cell Monolayers. J Agr Food Chem 2017, 65, 2307-2314, doi:10.1021/acs.jafc.6b05711.
Lin, Q.L.; Xu, Q.B.; Bai, J.; Wu, W.; Hong, H.; Wu, J.P. Transport of soybean protein-derived antihypertensive peptide LSW across Caco-2 monolayers. J Funct Foods 2017, 39, 96-102, doi:10.1016/j.jff.2017.10.011.
Xu, F.R.; Wang, L.F.; Ju, X.R.; Zhang, J.; Yin, S.; Shi, J.Y.; He, R.; Yuan, Q. Transepithelial Transport of YWDHNNPQIR and Its Metabolic Fate with Cytoprotection against Oxidative Stress in Human Intestinal Caco-2 Cells. J Agr Food Chem 2017, 65, 2056-2065, doi:10.1021/acs.jafc.6b04731.
Lin, S.Y.; Wang, L.Y.; Jones, G.; Trang, H.; Yin, Y.G.; Liu, J.B. Optimized extraction of calcium malate from eggshell treated by PEF and an absorption assessment in vitro. Int J Biol Macromol 2012, 50, 1327-1333, doi:10.1016/j.ijbiomac.2012.03.013.
Hou, T.; Wang, C.; Ma, Z.; Shi, W.; Weiwei, L.; He, H. Desalted Duck Egg White Peptides: Promotion of Calcium Uptake and Structure Characterization. J Agric Food Chem 2015, 63, 8170-8176, doi:10.1021/acs.jafc.5b03097.
Hou, T.; Liu, W.W.; Shi, W.; Ma, Z.L.; He, H. Desalted duck egg white peptides promote calcium uptake by counteracting the adverse effects of phytic acid. Food Chem 2017, 219, 428-435, doi:10.1016/j.foodchem.2016.09.166.
Daniel, H.; Kottra, G. The proton oligopeptide cotransporter family SLC15 in physiology and pharmacology. Pflugers Arch 2004, 447, 610-618, doi:10.1007/s00424-003-1101-4.
Wang, Y.; Deng, P.; Liu, Y.T.; Wu, Y.S.; Chen, Y.Q.; Guo, Y.C.; Zhang, S.W.; Zheng, X.F.; Zhou, L.Y.; Liu, W.Q.; et al. Alpha-ketoglutarate ameliorates age-related osteoporosis via regulating histone methylations. Nat Commun 2020, 11, doi:ARTN 559610.1038/s41467-020-19360-1.
Wang, P.P.; Sun, H.X.; Liu, C.J.; Hu, M.H.; He, X.Q.; Yue, S.; Jiao, Z.Z.; Xiang, L. Racemic oleracein E increases the survival rate and attenuates memory impairment in D-galactose/NaNO(2)-induced senescent mice. Phytomedicine 2016, 23, 460-467, doi:10.1016/j.phymed.2016.02.014.
Yang, J.; He, Y.; Zou, J.; Xu, L.; Fan, F.; Ge, Z. Effect of Polygonum Multiflorum Thunb on liver fatty acid content in aging mice induced by D-galactose. Lipids Health Dis 2019, 18, 128, doi:10.1186/s12944-019-1055-y.
Zhao, L.; Yang, H.; Xu, M.; Wang, X.; Wang, C.; Lian, Y.; Mehmood, A.; Dai, H. Stevia residue extract ameliorates oxidative stress in d-galactose-induced aging mice via Akt/Nrf2/HO-1 pathway. J Funct Foods 2019, 52, 587-595.
Liu, H.Y.; Pei, X.L.; Wang, J.; Zhou, Y.; Wang, L.M.; Qi, B. Effect of loach paste on the liver and immune organs of D-galactose-induced ageing mice. Food Agr Immunol 2018, 29, 316-331, doi:10.1080/09540105.2017.1376037.
Wang, L.; Chen, Q.; Zhuang, S.; Wen, Y.; Cheng, W.; Zeng, Z.; Jiang, T.; Tang, C. Effect of Anoectochilus roxburghii flavonoids extract on H2O2 - Induced oxidative stress in LO2 cells and D-gal induced aging mice model. J Ethnopharmacol 2020, 254, 112670, doi:10.1016/j.jep.2020.112670.
Mo, Z.Z.; Liu, Y.H.; Li, C.L.; Xu, L.Q.; Wen, L.L.; Xian, Y.F.; Lin, Z.X.; Zhan, J.Y.; Chen, J.N.; Xu, F.F.; et al. Protective Effect of SFE-CO2 of Ligusticum chuanxiong Hort Against d-Galactose-Induced Injury in the Mouse Liver and Kidney. Rejuvenation Res 2017, 20, 231-243, doi:10.1089/rej.2016.1870.
Nam, S.M.; Seo, M.; Seo, J.S.; Rhim, H.; Nahm, S.S.; Cho, I.H.; Chang, B.J.; Kim, H.J.; Choi, S.H.; Nah, S.Y. Ascorbic Acid Mitigates D-galactose-Induced Brain Aging by Increasing Hippocampal Neurogenesis and Improving Memory Function. Nutrients 2019, 11, doi:10.3390/nu11010176.
Liu, Y.; Liu, Y.; Guo, Y.; Xu, L.; Wang, H. Phlorizin exerts potent effects against aging induced by D-galactose in mice and PC12 cells. Food Funct 2021, 12, 2148-2160, doi:10.1039/d0fo02707c.
Zhang, L.Z.; Xin, J.L.; Zhang, X.P.; Fu, Q.; Zhang, Y.; Zhou, Q.L. The anti-osteoporotic effect of velvet antler polypeptides from Cervus elaphus Linnaeus in ovariectomized rats. J Ethnopharmacol 2013, 150, 181-186, doi:10.1016/j.jep.2013.08.029.
Zhang, H.; Wanwimolruk, S.; Coville, P.F.; Schofield, J.C.; Williams, G.; Haines, S.R.; Suttie, J.M. Toxicological evaluation of New Zealand deer velvet powder. Part I: acute and subchronic oral toxicity studies in rats. Food Chem Toxicol 2000, 38, 985-990, doi:Doi 10.1016/S0278-6915(00)00099-5.
Peng, Z.; Hou, H.; Zhang, K.; Li, B.F. Effect of calcium-binding peptide from Pacific cod (Gadus macrocephalus) bone on calcium bioavailability in rats. Food Chem 2017, 221, 373-378, doi:10.1016/j.foodchem.2016.10.078.
Wemeau, J.L.; Gautier, J.F. Management of type 2 diabetes: New drugs, new recommendations. Presse Med 2013, 42, 828-829, doi:10.1016/j.lpm.2013.04.003.
Goldsmith, R.S.; Jowsey, J.; Dube, W.J.; Riggs, B.L.; Arnaud, C.D.; Kelly, P.J. Effects of phosphorus supplementation on serum parathyroid hormone and bone morphology in osteoporosis. J Clin Endocrinol Metab 1976, 43, 523-532, doi:10.1210/jcem-43-3-523.
Morgan, E.N.; Alsharidah, A.S.; Mousa, A.M.; Edrees, H.M. Irisin Has a Protective Role against Osteoporosis in Ovariectomized Rats. Biomed Res Int 2021, 2021, doi:Artn 557022910.1155/2021/5570229.
Yang, Y.; Yu, T.; Tang, H.; Ren, Z.H.; Li, Q.W.; Jia, J.; Chen, H.Y.; Fu, J.; Ding, S.C.; Hao, Q.; et al. Ganoderma lucidum Immune Modulator Protein rLZ-8 Could Prevent and Reverse Bone Loss in Glucocorticoids-Induced Osteoporosis Rat Model. Front Pharmacol 2020, 11, doi:ARTN 73110.3389/fphar.2020.00731.
Gossiel, F.; Ugur, A.; Peel, N.F.A.; Walsh, J.S.; Eastell, R. The clinical utility of TRACP-5b to monitor anti-resorptive treatments of osteoporosis. Osteoporos Int 2022, 33, 1357-1363, doi:10.1007/s00198-022-06311-3.
Wang, W.; Huang, C.Y.; Wang, Z.P.; Xu, S.S.; Qian, T.Y.; Chen, Y.D.; Wu, W.G. Serum C-C Motif Ligand 11/Eotaxin-1 May Serve as a Candidate Biomarker for Postmenopausal Osteoporosis. J Med Biochem 2019, 38, 353-360, doi:10.2478/jomb-2018-0042.
Guo, D.; He, H.; Zhao, M.; Zhang, G.; Hou, T. Desalted duck egg white peptides promoted osteogenesis via wnt/beta-catenin signal pathway. J Food Sci 2020, 85, 834-842, doi:10.1111/1750-3841.15067.
Yu, Y.J.; Wu, J.K.; Li, J.; Liu, Y.Z.; Zheng, X.Y.; Du, M.Z.; Zhou, L.M.; Yang, Y.J.; Luo, S.Y.; Hu, W.J.; et al. Cycloastragenol prevents age-related bone loss: Evidence in D-galactose-treated and aged rats. Biomed Pharmacother 2020, 128, doi:ARTN 11030410.1016/j.biopha.2020.110304.
Liu, G.; Guo, B.; Sun, S.; Luo, M.; Liu, F.; Miao, J.; Tang, J.; Huang, Y.; Cao, Y.; Song, M. Promoting the Calcium-Uptake Bioactivity of Casein Phosphopeptides in vitro and in vivo. Front Nutr 2021, 8, 743791, doi:10.3389/fnut.2021.743791.
Sun, X.; Ruan, S.; Zhuang, Y.; Sun, L. Anti-osteoporosis effect and purification of peptides with high calcium-binding capacity from walnut protein hydrolysates. Food Funct 2021, 12, 8454-8466, doi:10.1039/d1fo01094h.

Supplementary data
[bookmark: _Hlk102242210]TABLE S1. Effects of D-gal administration on liver oxidative stress of male mice.
	[bookmark: _Hlk102060750]
Study model
	
Age
(weeks)
	D-gal
	
Major finding

	
Reference


	
	
	Dose (mg/kg/day)
	Route

	Duration

	
	

	Kunming mice
	8
	1250
	IP
	8 weeks
	SOD ↓
	Wang et al. [61]

	C57BL/6 mice
	8
	800
	IP
	60 days
	MDA ↑, SOD ↓,
GSH ↓, CAT ↓
	Yang et al. [62]

	Kunming mice
	8
	500
	SC
	11 weeks
	MDA ↑, SOD ↓,
CAT ↓, GSH-Px ↓
	Zhao et al. [63]

	ICR mice
	9–11
	500
	SC
	6 weeks
	MDA ↑, SOD ↓,
CAT ↓
	Liu et al. [64]

	Kunming mice
	/
	400
	SC
	58 days
	MDA ↑, SOD ↓,
GSH-Px ↓
	Wang et al. [65]

	Kunming mice  
	8
	200
	SC
	8 weeks
	MDA ↑, SOD ↓,
CAT ↓, GSH-Px ↓
	Mo et al. [66]

	C57BL/6 mice
	5
	150
	SC
	10 weeks
	
	Nam et al. [67]

	ICR mice
	10–12
	120
	IP
	12 weeks
	MDA ↑, SOD ↓,
CAT ↓, GSH-Px ↓
	Liu et al. [68]


Note: IP, intraperitoneal; SC, subcutaneous; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; GSH-Px, glutathione peroxidase; GSH, glutathione; CAT, catalase

TABLE S2. Effects of D-gal on concentrations of CAT and MDA in the liver of male mice.
	Group No.
	Dose (mg/kg/day)
	CAT (U/mgprot)
	MDA (nmol/mgprot)

	1
	0
	15.36 ± 0.99a
	29.85 ± 2.66a

	2
	120
	13.37 ± 2.32a
	31.89 ± 1.01a

	3
	400
	6.48 ± 1.01b
	35.09 ± 0.11b

	4
	800
	2.71 ± 0.04c
	39.17 ± 1.18c


[bookmark: _Hlk102695764]Data are presented as the mean ± SD (n=8). Mean values with different superscripts (a, b) in the same column are significantly different (P < 0.05), whereas the same superscripts are not (P > 0.05). 
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