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MgO‑enhanced β‑TCP promotes 
osteogenesis in both in vitro 
and in vivo rat models
Kenichiro Saito 1, Yusuke Inagaki 2*, Yoshinobu Uchihara 1, Masakazu Okamoto 1, 
Yuki Nishimura 1, Akihito Kawai 1, Tatsuro Sugino 3, Kensuke Okamura 1, Munehiro Ogawa 4, 
Akira Kido 2 & Yasuhito Tanaka 1

Allogeneic bone grafts are used to treat bone defects in orthopedic surgery, but the osteogenic 
potential of artificial bones remains a challenge. In this study, we developed a β-tricalcium phosphate 
(β-TCP) formulation containing MgO, ZnO, SrO, and SiO2 and compared its bone-forming ability 
with that of β-TCP without biological elements. We prepared β-TCP discs with 60% porosity 
containing 1.0 wt% of these biological elements. β-TCP scaffolds were loaded with bone marrow-
derived mesenchymal stem cells (BMSC) from 7-week-old male rats and cultured for 2 weeks. ALP 
activity and mRNA expression of osteogenic markers were evaluated. In addition, scaffolds were 
implanted subcutaneously in rats and analyzed after 7 weeks. In vitro, the MgO group showed lower 
Ca concentrations and higher osteogenic marker expression compared to controls. In vivo, the MgO 
group showed higher ALP activity compared to controls, and RT-qPCR analysis showed significant 
expression of BMP2 and VEGF. Histopathology, fluorescent immunostaining, and micro-CT also 
showed relatively better bone formation in the MgO group. β-TCP with MgO may enhance bone 
morphology in vitro and in vivo and improve the prognosis of patients with substantial and refractory 
bone defects.

Keywords  Allogeneic bone grafts, β-tricalcium phosphate, Bone marrow-derived mesenchymal stem cells 
osteogenesis

Orthopedic surgeons have historically resorted to allogeneic bone grafts to address bone defects from traumatic 
injuries or bone malignancies. However, the constraints imposed by limited graft size and invasive procedures 
have presented formidable challenges. Consequently, instead of allogeneic, synthetic ceramic artificial bones and 
polymeric biomaterials have been clinically applied and are undergoing further development. Notable polymer-
based biomaterials are polyether–ether–ketone (PEEK) and polyethylene terephthalate (PET). Calcium phosphate 
(CaP) ceramics have emerged as a paragon of biocompatible biomaterials among synthetic ceramic substitutes. 
Among such materials, hydroxyapatite and β-tricalcium phosphate (β-TCP) are considered prototypical arti-
ficial bones. β-TCP formulations exhibit high bio-absorption but modest osteo-conductivity, rendering them 
relatively less effective in terms of their osteogenic potential compared to their homologous bone counterparts.

Consequently, enhancing the ability of β-TCP formulations to promote bone growth remains a challenge1,2.
One effective strategy to boost the bone-promoting potential of β-TCP formulations is to incorporate small 

amounts of biological elements found in living organisms into artificial bones. These bio-elements include zinc 
(Zn) and silicon (Si). Zn is an essential trace element that has been shown to promote bone formation both 
in vitro and in vivo. Si is also an important trace element that promotes bone formation and calcification. In vitro 
studies have reported that Zn has a specific stimulating effect on osteoblasts and a strong inhibitory effect on 
bone resorption caused by osteoclasts3–5. An in vivo study using rabbit femurs demonstrated that Zn-doped CaP 
formulations led to an increase of over 50% in newly formed bone compared to undoped CaP formulations6. 
Similarly, in vitro studies suggest that adding up to 9.0 wt% of silicon dioxide (SiO2) can promote osteoblast dif-
ferentiation, indicating a high bone-promoting potential. Therefore, both in vitro and in vivo results indicate that 
CaP formulations incorporating these bio-elements can enhance bone formation and biological responses. How-
ever, the mechanisms and cellular events involved in bone growth mediated by these additives are still unclear7–9.
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Previously, we reported the osteogenic differentiation of bone marrow-derived mesenchymal stem cells 
(BMSCs) on PEEK, PET, and β-TCP coated with a blend of bio-trace elements, including Zn, strontium (Sr), 
and Si. We elucidated their discrete potential to elicit osteogenic propensity10–12. In this context, magnesium (Mg), 
a biological element distinct from Zn, Sr, and Si, in β-TCPs has aroused substantial interest. Renowned for its 
multifaceted biological roles, Mg is essential for many cellular processes, notably impacting bone formation and 
metabolism13. Moreover, the characteristics of Mg, specifically its low density, commendable biocompatibility, 
and elastic modulus approximating that of normal bone tissues, accentuate its appeal14,15. Previous studies suggest 
its involvement in qualitative changes in the bone matrix, indirectly affecting mineral metabolism, promoting 
catalytic reactions, and regulating biological functions16.

In this study, we prepared β-TCP formulations containing MgO, Zn oxide (ZnO), Sr oxide (SrO), and SiO2 
and compared these β-TCP formulations with element-free β-TCP formulations (control) using BMSCs. We 
aimed to investigate the impact of incorporating these biologically active elements into β-TCP formulations on 
enhancing osteogenic potential.

Results
In vitro studies
Calcium concentrations in culture supernatants
On day 14, the MgO group had significantly lower Ca concentrations in culture supernatants than the control 
group (P < 0.05). No significant differences were observed in the other groups when compared with the control 
group (P > 0.05) (Fig. 1).

Assessment of ALP activity
The MgO group exhibited significantly higher ALP activity than the control group (P < 0.05). No significant dif-
ferences were observed in the other groups when compared with the control group (P > 0.05) (Fig. 2).

RT‑qPCR analyses
Considering the mRNA expression levels of alkaline phosphatase (ALP), bone morphogenetic protein 2 (BMP-2), 
collagen type I alpha 1 (COL1A1), runt-related transcription factor 2 (RUNX2), osteocalcin (OC), and vascular 
endothelial growth factor (VEGF) genes, the MgO group displayed significantly higher levels than the control 
group (P < 0.05). No significant differences were observed in the other groups when compared with the control 
group (P > 0.05) (Fig. 3).

In vivo studies
Assessment of ALP activity
The MgO group had significantly higher ALP activity than the control group (P < 0.05) (Fig. 4).

RT‑qPCR analyses
No significant differences were observed between the MgO and control groups in terms of mRNA expression 
levels of BMP-2 and VEGF genes (P < 0.05) (Fig. 5).

Histological analyses
Seven weeks post-implantation, the β-TCP discs that were implanted subcutaneously were collected and stained 
with hematoxylin and eosin. Histological examination revealed that the MgO group exhibited superior bone 

Fig. 1.   Calcium concentration in nano-coated PET fiber artificial ligament culture medium. Calcium 
concentration on the 7th and 14th day was recorded. Calcium concentration in MgO was significantly lower 
than in ZnO, SrO, SiO2 and the non-coated sample on the 14th day of the culture supernatant. The solid and 
broken lines indicate the data obtained in MgO, ZnO, SrO, SiO2 and non-coated samples. Data are shown as the 
mean ± SD. Asterisk indicates P < 0.05 versus non-coated group (control).
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formation compared to the control group, indicating a relatively higher bone-forming capacity in the MgO 
group (Fig. 6).

Fig. 2.   Biochemical evaluation of each β-TCP group after osteogenic culture for 14 days. ALP activity is 
significantly higher in MgO than in ZnO, SrO, SiO2 and controls. Values are shown as means ± standard 
deviation. (n = 4 *P < 0.05.)
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Fig. 3.   mRNA expression levels in each group after osteogenic culture for 14 days, as evaluated by qRT-PCR. 
Values are shown as means ± SD (n = 5). *P < 0.05.

Fig. 4.   Biochemical evaluation of each β-TCP group harvested 7 weeks after implantation. ALP activity is 
significantly higher in MgO than in controls. Values are shown as means ± standard deviation. (n = 3). *P < 0.05.
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Immunofluorescence staining
Seven weeks after implantation, the subcutaneously implanted β-TCP discs were harvested and subjected to 
fluorescence immunostaining with an antibody for type I collagen. The MgO group stained better in the bone 
than the control group and showed superior bone formation, indicating the relatively higher bone-forming 
capacity of the MgO group (Fig. 7).

Micro‑computed tomography (micro‑CT) analysis
Seven weeks post-implantation, bone formation was observed in both groups. The MgO group exhibited greater 
bone formation than the control group in the internal part of the artificial bone porosity (Fig. 8).
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Fig. 5.   mRNA expression levels in each group harvested 7 weeks after implantation, as evaluated by qRT-PCR. 
Values are shown as means ± SD (n = 4). *P < 0.05.

Fig. 6.   Histological analysis of β-TCP harvested 7 weeks after implantation. HE staining shows more bone 
formation in MgO than in controls. (a), MgO; (b), control. (c, d) Higher magnifications of boxes indicated in (a) 
and (b), respectively. *Bone tissue.
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Discussion
The clinical application of β-TCP formulations as a bone replacement material is severely limited owing to its 
poor osteoinductive capacity and insufficient bone formation. One prominent strategy that could augment 
the osteoinductive capacity of β-TCP formulations involves incorporating biological elements well-known for 
their pivotal roles in bone development, growth, and repair. This approach is of considerable interest owing to 
its superior safety profile and limited adverse effects. Notably, the inclusion of these biological elements within 
bone replacement materials can stimulate new bone generation in vivo9,17, inhibit material degradation, and 
improve mechanical strength18,19.

Among these biological elements, Mg holds prominence, as it is indispensable for various cellular processes 
and plays a crucial role in osteogenesis and metabolism13. Mg deficiency detrimentally impacts all stages of bone 
metabolism, precipitating arrested bone growth, diminishing osteoblastic and osteoclastic activities, and causing 

Fig. 7.   Immunofluorescence Staining of β-TCP harvested 7 weeks after implantation. Collagen 1 staining shows 
more bone formation in MgO than in controls. (a), MgO; (b), control. (c, d) Higher magnifications of boxes 
indicated in (a) and (b), respectively. *Bone tissue.

Fig. 8.   Micro-CT analysis of β-TCP harvested 7 weeks after implantation. Representative images of two 
samples; MgO and Control.
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osteopenia and heightened bone fragility20,21. Recently, it was reported that specific concentrations of Mg2+ ions 
play a pivotal role in new bone formation and bone regeneration. Adding Mg2+ ions may be a simple and effec-
tive way of promoting osteogenesis and angiogenesis in bio-ceramic scaffolds and improving the evolution of 
biomaterials for bone tissue engineering scaffolds22. Furthermore, the positive impact of Mg extends to fostering 
matrix mineralization and elevating collagen type X expression in mesenchymal stem cells23. Additionally, Mg 
propels osteoblast differentiation, enhances ALP activity, and augments mineral deposition24.

In the current study, we compared groups treated with β-TCP formulations incorporating individual bio-
elements and the control group, revealing markedly elevated ALP activity within the MgO cohort in vitro. 
Concurrently, the RT-qPCR results showed that mRNA levels of genes encoding ALP, BMP-2, COL1A1, RUNX2, 
OC, and VEGF, the indicators of osteoblast differentiation and mineralization, were substantially elevated in 
the MgO group when compared with those in the control group. Accordingly, these observations suggest the 
bone-forming tendency of the MgO group.

The capacity of Mg to promote bone formation has been extensively reported. Hou et al. have reported that 
Mg2+ ions can induce osteogenic activity both in vitro and in vivo25. Ke et al. have shown that in vitro, MgO-
containing β-TCP formulations affect the expression of the osteogenesis-related genes OPG, RANKL, BMP-2, 
RUNX2, and VEGF, which influence the process of osteoblast differentiation9. Particularly, the role of VEGF is 
noteworthy considering its angiogenic attributes that facilitate capillary network formation, support early-stage 
osteoblast survival, and promote late-stage angiogenesis, thereby affecting osteoblast differentiation26. In addi-
tion, VEGF contributes to upregulating BMP-2 expression in endothelial cells and fostering cross-talk between 
signaling pathways involving endothelial cells and osteoblasts27. These previous findings corroborate our current 
results, affirming the potent bone-forming effects of MgO.

Moreover, in vivo assessments encompassing ALP activity, histological evaluation, and micro-CT analyses 
showed that the MgO group exhibited superior new bone formation compared to the control group. These 
results closely resembled the in vitro observations. Micro-CT was used to compare the two groups in terms of 
the percentage of area that included the artificial bone and the osteogenic area, and no significant difference 
was found. This is because measuring the area of bone formation alone in this study was challenging, making it 
difficult to evaluate the amount of bone formation. Thus, these results suggest that the MgO group demonstrated 
substantial new bone formation in vivo.

The promising results encompassing the improved biological characteristics of MgO-containing β-TCP for-
mulations have been previously reported in short-term in vitro and long-term in vivo studies28,29. The findings 
of our study contribute to the growing body of evidence and enhance our understanding of the influence of 
elemental incorporation on bone formation. Moreover, the observations of previous reports align with our 
findings, wherein the MgO group exhibited enhanced bone-forming capacity both in vivo and in vitro when 
compared to the control group.

Potential mechanisms for bone formation associated with β-TCP containing other biological elements have 
been reported previously. Different additives may induce differences in the amounts of the α-TCP phase formed 
after sintering, particularly when MgO is added, which plays an important role in cell–material interactions 
in vitro and bone formation in vivo, given that relatively less α-TCP phase is formed after sintering9. Compared 
with previous reports, MgO could substantially promote bone formation in the present study, possibly owing to 
the low amounts of α-TCP phase produced and differences in manufacturing methods. The effects of different 
manufacturing methods on osteogenesis need to be confirmed in future investigations.

Potential mechanisms for bone formation associated with β-TCP containing other biological elements have 
been previously reported. Different additives may induce differences in the amounts of the α-TCP phase formed 
after sintering, particularly when MgO is added, which plays an important role in cell–material interactions 
in vitro and bone formation in vivo, given that relatively less α-TCP phase is formed after sintering9. Compared 
with previous reports, MgO substantially promoted bone formation in the present study, possibly owing to 
the low amounts of α-TCP phase produced and differences in manufacturing methods. The effects of different 
manufacturing methods on osteogenesis need to be confirmed in future investigations.

The limitation of this study pertains to the physicochemical evaluation of the material. Since the material 
is processed from a block with a porosity of approximately 60% to form discs of appropriate size, there may be 
variations in structural properties such as porosity and pore size distribution among the disc samples produced.

Therefore, it is possible that a small difference in in vitro/in vivo bone formation promotion may have 
occurred. And it is inferred that the strength is not the same for all artificial bones. It is one of the subjects of 
future research to make all the artificial bones have the same strength.

It is also possible that there is variation in the amount of MgO added to each disc.
In vivo, unlike in vitro, the concentration of leaked Mg ions may be locally lower due to the influence of in vivo 

fluid perfusion and other factors. It is important to investigate dose dependence and is a topic for future research.

Conclusions
The findings of the present study indicate that MgO-containing β-TCP formulations promote bone morphologi-
cal performance both in vitro and in vivo when compared with control β-TCP formulations without any bio-
elements. Accordingly, our findings may contribute to improved surgical outcomes and activities of daily living 
in patients undergoing surgeries requiring artificial bones, such as orthopedic surgeries, for substantial refractory 
bone loss.
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Methods
Preparation of β‑TCP discs
We prepared four types of experimental β-TCP discs with 60% porosity, incorporating 1.0 wt.% of either MgO, 
ZnO, SrO, or SiO2, as well as bio-element-free (control) β-TCP discs (diameter: 5 mm) (Olympus Terumo 
Biomaterials Co., Tokyo, Japan). Bio-element-containing β-TCP formulations were synthesized using a mecha-
nochemical method, as described below.

Precisely, CaCO3 and CaHPO4∙2H2O powders were weighed in a 1:2 molar ratio. Next, the materials, including 
each element (total 1.0 wt% based on oxide weight; 0.6, 0.8, 0.47, and 0.85 wt% of Mg, Zn, Si, and Sr, respec-
tively), were placed together with their powders in a ball mill pot containing pure water at approximately 23 °C, 
and the pot was rotated for 10 h to mix and mill the materials. The resulting slurry was dried at approximately 
80 °C, followed by calcination at 750 °C. Subsequently, a foaming slurry of β-TCP was prepared using a foam-
ing agent, followed by calcination at 1050 °C for 1 h to obtain porous β-TCP discs repleted with the designated 
elemental additives30.

BMSC culture and implantation into artificial bone
All animal experimental procedures performed in this study were approved by the Institutional Animal Care 
and Use Committee (approval No. 13357). This study was conducted in accordance with the National Institutes 
of Health standards and ARRIVE guidelines (Animal Research: Reporting In Vivo Experiments). Laboratory 
rats were housed in cages at optimal temperatures below 21 °C under a 12-h light/dark cycle and had ad libitum 
access to food and water.

Collection and preparation of BMSCs were performed as described previously12,31,32. Briefly, 7-week-old male 
Fisher 344 rats (SLC Japan, Shizuoka, Japan) were placed in sealed containers. General anesthesia was applied 
using 4% isoflurane (Pfizer, Poor’s, Belgium), the bilateral femurs of the rats were removed, and bone marrow 
was collected.

Subsequently, BMSCs were cultured in 75 cm2 culture flasks (Falcon; BD Biosciences, San Jose, CA, USA). 
The minimum essential medium was used (Nacalai Tesque, Kyoto, Japan), to which 15% fetal bovine serum 
(GE Healthcare Life Sciences, USA) and antibiotics (100 U/mL penicillin and 100 μg/mL streptomycin; Nacalai 
Tesque, Japan) were added. Approximately 15 mL of medium was used per flask. Cells were incubated at 37 °C 
in a humidified atmosphere of 95% air and 5% carbon dioxide. Cells not adhering to the flasks were removed at 
medium changes every three weeks. BMSCs were maintained in primary culture for 14 d. Subsequently, BMSCs 
were harvested from the confluent medium using trypsin (2.5 g/L) and ethylenediaminetetraacetic acid (EDTA; 
1 mmol/L; Nacalai Tesque, Japan).

Next, BMSCs were implanted onto β-TCP discs with 60% porosity containing either MgO, ZnO, SrO, or SiO2 
(experimental) or no bio-elements (control). The β-TCP discs containing MgO, ZnO, SrO, or SiO2 and control 
β-TCP discs were placed in a syringe containing a cell solution housing BMSCs with a concentration of 1.0 × 106 
cells/cm2. BMSCs were loaded onto each β-TCP disc by applying negative pressure to the syringe10,33.

In vitro studies
Each β-TCP disc was placed in a 24-well plate and cultured for 14 days in an osteogenic medium containing 
10.0 nmol/L dexamethasone (Sigma, St. Louis, MO, USA), 0.28 mmol/L L-ascorbic acid phosphate magnesium 
salt n-hydrate (Wako Pure Chemical Industrials, Kyoto, Japan), and 10.0 mmol/L β-glycerol phosphate disodium 
salt pentahydrate (Nacalai Tesque, Japan). To assess the osteogenic potential of the regimen, Ca concentrations 
in the supernatant solution were quantified on days 0, 7, and 14. Using reverse transcription-quantitative PCR 
(RT-qPCR), we then measured the expression of osteogenic markers, i.e., alkaline phosphatase (ALP), bone mor-
phogenetic protein 2 (BMP-2), collagen type I alpha 1 (COL1A1), runt-related transcription factor 2 (RUNX2), 
osteocalcin (OC), and vascular endothelial growth factor (VEGF), on day 14. In addition, ALP activity was 
measured on day 14.

Evaluation of Ca concentrations in culture supernatants
The Ca concentrations in culture supernatants were measured on days 7 and 14 using a methyl xylenol blue 
absorbance spectrophotometric kit (calcium E test; Fujifilm Wako Pure Chemicals, Osaka, Japan), in strict 
accordance with the manufacturer’s instructions. The decrease in Ca contents in the culture medium correspond-
ingly reflected the quantum of Ca deposition onto the artificial bone. Therefore, the Ca concentrations in the 
culture medium can be used as a marker of tissue-engineered bone formation.

Evaluation of ALP activity
The ALP activity was measured as an important differentiation marker of the osteoblast phenotype to evaluate the 
osteogenic potential of BMSCs in β-TCP discs. As previously reported, β-TCP constructs were homogenized with 
1 mL of 0.2% Nonidet P-40 and centrifuged at 1000×g for 10 min at 4 °C. The supernatant (10 μL) was incubated 
with a buffer containing 56 mmol/L amino-2-methylpropane diol, 10.0 mmol/L p-nitrophenyl phosphate, and 
1.0 mmol/L MgCl2 at 37 °C for 30 min. The reaction was then stopped by adding 0.2 N NaOH. The ALP activity 
was estimated by quantifying the absorbance of p-nitrophenol at 410 nm using a spectrophotometer (n = 4)34,35.

RT‑qPCR analysis
RT-qPCR was performed as previously reported12. Briefly, β-TCP discs were crushed after 14 days of osteogenic 
culture using 1 mL of TRIzol (Invitrogen; Thermo Fisher Scientific Inc., Waltham, MA, USA) in a micro-homog-
enizer using purified water at 23 °C. The homogenized β-TCP discs were transferred to a QIA shredder spin 



8

Vol:.(1234567890)

Scientific Reports |        (2024) 14:19725  | https://doi.org/10.1038/s41598-024-70512-5

www.nature.com/scientificreports/

column (Qiagen Inc., Valencia, CA, USA) and centrifuged at 17,700×g for 2 min before filtration. Subsequently, 
the samples were mixed thoroughly with 200 µL of chloroform in new 1.5 mL microtubes. The tubes were left for 
5 min and then centrifuged at 4 °C for 15 min at 17,700×g. The upper layer of the aqueous solution was filtered 
out into a new 1.5 mL microtube and thoroughly mixed with 70% ethanol. RNA was collected from the samples 
using RNeasy Micro Kits (Qiagen, Hilden, Germany). The transcription kit with RNase inhibitor (Thermo Fisher 
Scientific) was used to reverse-transcribe cDNA following the manufacturer’s instructions (Applied Biosystems, 
Foster City, CA, USA). The thermocycling conditions involved the initial activation of TaqMan Fast Universal 
PCR Master Mix at 95 °C for 20 s, followed by 40 cycles comprising denaturation at 95 °C for 1 s and annealing 
and extension at 60 °C for 20 s.

The mRNA expression levels of the ALP, BMP-2, COL1A1, RUNX2, OC, and VEGF genes were evaluated 
using ALP (Rn00564931 m1), BMP-2 (Rn00567818 m1), COL1A1 (Rn01463848 m1), RUNX2 (Rn01512298 m1), 
OC (Rn01455285 g1), and VEGF (Rn01511602 m1) assay kits, respectively, (Thermo Fisher Scientific Inc.) and 
TaqMan® primer and probe sets (Thermo Fisher Scientific Inc.). Target mRNA levels were normalized against 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Rn9999916_s1; Thermo Fisher Scientific Inc.) levels as 
an internal standard (n = 5).

In vivo studies
Subcutaneous implantation of β‑TCP discs in Fisher 344 rats
BMSC-bearing β-TCP discs, i.e., MgO-containing β-TCP discs and control β-TCP discs, were implanted in a 
subcutaneous pocket on the dorsal surface of 7-week-old male Fisher 344 rats12,33. The implanted β-TCP discs 
were harvested after seven weeks and subjected to an ALP activity assay, RT-qPCR (as for in vitro studies), his-
tological examination, immunofluorescence staining and micro-CT.

Assessment of ALP activity
The ALP activity of β-TCP discs harvested after 7 weeks was quantified as described for the in vitro protocol 
(n = 3).

RT‑qPCR analyses
The RT-qPCR analysis of osteogenic markers (ALP, BMP-2, COL1A1, RUNX2, OC, and VEGF) was conducted 
at 7 weeks in accordance with the in vitro paradigm (n = 4).

Histological analyses
For histological evaluation, two samples were randomly selected from the MgO and control groups. First, these 
samples were fixed in a 10% neutral formalin solution (Fujifilm Wako Pure Chemicals). Secondly, they were 
decalcified in Decalcifying Solution A (Fujifilm Wako Pure Chemicals) for one day. Each sample was embedded 
in paraffin, and discs were sliced at the center and stained histologically with hematoxylin and eosin.

Immunofluorescence staining
The artificial bone was fixed with a 4% Paraformaldehyde Phosphate Buffer Solution (Fujifilm Wako Pure Chemi-
cals) and then demineralized using a 20% EDTA solution for 5 days. Paraffin blocks were prepared using the 
standard method. The slide sections were sliced to a thickness of approximately 3 µm.

For collagen I fluorescence staining, the slides were deparaffinized using 3 xylene baths, followed by 3 alcohol 
baths, and then placed in distilled water. After rinsing with water in 3 TBS baths for 3 min each, the sections 
were treated with Proteinase K for antigen retrieval at room temperature for 8 min. Following rinsing in 3 TBS 
baths for 3 min each, non-specific binding was blocked with skim milk at 37 °C for 30 min.

The primary antibody, Anti-Collagen 1, alpha 1 telopeptide primary antibody rabbit polyclonal [Phospho: 
322-COLTt], was diluted 1:100 and incubated overnight at 4 °C. After being washed with TBS, the sections were 
incubated with Alexa Fluor 488 Donkey anti-rabbit IgG [Invitrogen: A21206] at room temperature for 60 min 
and mounted with SlowFade Gold antifade reagent with DAPI [Invitrogen: S36938]. The reaction was performed 
at room temperature for 60 min.

Micro‑CT analysis
β-TCP discs that were implanted subcutaneously in the backs of rats were fixed in 10% neutral buffered formalin 
(Wako Pure Chemicals) and then scanned using a CosmoScan FX high-resolution micro-CT instrument (Rigaku 
Corp., Tokyo, Japan) at a 360° rotation.

As previously reported, the X-ray source was adjusted to a 90 kVp energy and 88 mA intensity, with an iso-
tropic voxel size of 10 μm and an aluminum/copper filter (Al/Cu, 0.5/0.06), resulting in a 512 × 512 pixel image 
matrix12. We evaluated the areas of mineralized bone tissue in each 2 mm thick β-TCP disk in the MgO and 
Control groups using micro-CT images.

Statistical analyses
All data were subjected to multiple analyses using Welch’s t-test, Mann–Whitney U test, and the Tukey–Kramer 
test in a one-way analysis of variance. Data analyses were performed using SPSS (ver. 28.0; IBM, Japan) software. 
Values with P < 0.05 were considered statistically significant.

Data availability
The datasets used during the present study are available from the corresponding author on reasonable request.
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