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A B S T R A C T

Impaired fracture healing in diabetic patients leads to prolonged morbidity and increased healthcare costs. 
Methylglyoxal (MG), a reactive metabolite elevated in diabetes, is implicated in various complications, but its 
direct impact on bone healing remains unclear. Here, using a non-diabetic murine tibial fracture model, we 
demonstrate that MG directly impairs fracture healing. Micro-computed tomography revealed decreased volu
metric bone mineral density in the callus, while callus volume remained unchanged, resulting in a brittle bone 
structure. This was accompanied by reduced expression of osteocalcin and bone sialoprotein, both critical for 
mineralization. Biomechanical analysis indicated that MG reduced the mechanical resilience of the fracture site 
without altering its elastic strength, suggesting that the impairment was not primarily due to the accumulation of 
advanced glycation end-products in the bone extracellular matrix. In vitro studies confirmed that non-cytotoxic 
concentrations of MG inhibited osteoblast maturation and mineralization. Transcriptomic analysis identified 
downregulation of Osterix, a key transcription factor for osteoblast maturation, without altering Runx2 levels, 
leading to decreased expression of key mineralization-related factors like osteocalcin. These findings align with 
clinical observations of reduced circulating osteocalcin levels in diabetic patients, suggesting that the detrimental 
effects of MG on osteoblasts may extend beyond bone metabolism. Our study highlights MG and MG-sensitive 
pathways as potential therapeutic targets for improving bone repair in individuals with diabetes and other 
conditions characterized by elevated MG levels.

1. Introduction

Fracture healing is a complex, coordinated process that begins with 

hematoma formation, triggering inflammation and angiogenesis, fol
lowed by anabolic formation of a fibrocartilaginous callus (soft callus) 
rich in extracellular matrix (ECM) [1–4]. This matrix, produced mainly 
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by fibroblasts and chondrocytes, stabilizes the fracture and serves as a 
scaffold for pre-osteoblast proliferation and differentiation/maturation 
of osteoblasts [1–4]. Resultant mature osteoblasts synthesize new bone 
matrix, depositing type I collagen and mineralization-related factors 
onto the fibrocartilaginous framework, forming a hardened, mineralized 
callus [3]. This strengthens the fracture site, facilitating the final 
remodeling phase where osteoblasts and osteoclasts restore the bone’s 
original architecture [1–4]. Runx2 is the master transcription factor for 
osteoblast differentiation, governing the expression of numerous genes 
involved in osteoblast development and function [5,6]. As osteoblasts 
mature, their secretory phenotype undergoes a dynamic shift, charac
terized by sustained production of ECM proteins like type I collagen and 
osteopontin, alongside a progressive increase in the secretion of 
mineralization-related factors such as osteocalcin and bone sialoprotein 
[5,7]. This shift, crucial for mineralization phase, is orchestrated by 
Osterix, another key transcription factor acting downstream of Runx2 
[6,8].

Human genetic disorders and animal models have established the 
essential roles of osteoblasts and their regulators in fracture healing [1,
6]. However, this process is often disrupted in diabetic individuals, who 
exhibit a higher risk of impaired bone repair [1,4,9]. Similarly, diabetic 
animal models have shown impaired fracture healing [10–12]. Mecha
nisms may involve microvascular complications that compromise blood 
flow to the fracture sites, thereby hindering nutrient and oxygen de
livery necessary for bone repair [1,4]. Diabetes also promotes systemic 
inflammation and oxidative stress, favoring osteoclast over osteoblast 
activity [4,9]. Reactive carbonyl species, particularly methylglyoxal 
(MG), a glycolysis byproduct, are implicated in diabetic complications 
[13,14], including impaired bone healing [15,16]. Elevated MG levels 
have been documented in diabetic patients [14] and animal models [17,
18]. MG modifies proteins, lipids, and nucleic acids [14,19], impairing 
cellular function and tissue integrity by forming advanced glycation 
end-products (AGEs), advanced lipoxidation end-products (ALEs), and 
damaging nucleic acids [14,19]. Specifically, elevated MG levels are 
linked to ECM modification [14,20], mitochondrial dysfunction [14], 
increased oxidative stress leading to impaired angiogenesis [14], and 
osteoblast apoptosis [21], all of which could compromise bone meta
bolism. Therefore, elevated MG levels may contribute to impaired bone 
healing, but, direct evidence is lacking.

Understanding how diabetes affects bone health may reveal novel 
targets for medical interventions. In this study, we focused on the direct 
impact of MG on fracture healing using a tibial shaft fracture model in 
healthy mice, isolating the effects of MG from the complex diabetic 
milieu. We also analyzed the effects of MG on osteoblast differentiation 
and function using an in vitro culture system. These approaches aim to 
provide mechanistic insights into how elevated MG impairs bone matrix 
construction and repair, potentially paving the way for targeted 
therapies.

2. Materials and methods

2.1. Animal experiments

Nine-week-old male C57BL/6J mice (Japan SLC, Shizuoka, Japan) 
were used. All protocols were approved by the Animal Care and Use 
Committee of Yamaguchi University. Under isoflurane anesthesia, tibial 
fractures were induced using a No.11 scalpel blade, leaving the fibula 
intact. A 26-gauge Quincke type spinal needle (UNISIS Corp., Tokyo, 
Japan) was inserted into the tibial marrow cavity to stabilize the frac
ture. Following surgery, mice received daily intraperitoneal injections of 
either MG at 110 mg/kg body weight or phosphate-buffered saline (PBS) 
for 14 days. Mice were euthanized via CO2 inhalation, followed by 
collection of blood and right tibiae.

2.2. Micro-computed tomography (micro-CT)

Tibiae were scanned using CosmoScan GX (Rigaku, Tokyo, Japan) 
with 2.3 μm voxel size. Callus formation was scored as previously 
described [22] and analyzed using Analyze v14.0 (AnalyzeDirect, 
Overland Park, KS, USA). A threshold distinguished callus tissue from 
cortical bone and soft tissue. Volumetric bone mineral density (vBMD) 
was calculated using hydroxyapatite phantoms.

2.3. Biomechanical analysis

Biomechanical properties were assessed using a three-point bending 
test using MZ-500S (Maruto, Tokyo, Japan). Tibiae were placed on 
support bars (8 mm apart), with fractures centered. A force was applied 
at 5 mm/min until failure. Load-deformation curves determined stiff
ness, maximum load, failure time, and energy absorption using CTRwin 
v1.05 (System Supply, Hokkaido, Japan).

2.4. Primary osteoblast isolation and culture

Primary osteoblasts were isolated from calvariae of postnatal day 2 
mice [23]. Calvariae were digested with collagenase type X and Dispase 
II. Cells were cultured in α-MEM with 10 % FBS and induced to differ
entiate with 50 μg/mL ascorbic acid, 10 mM β-glycerophosphate, and 
varying MG concentrations. Medium was refreshed every 6 h to main
tain MG levels.

2.5. Quantitative PCR (qPCR)

Total RNA from tibiae (4-mm segments centered on fractures) was 
extracted using TissueLyser II and RNeasy Lipid Tissue Mini Kit (Qiagen, 
Hilden, Germany). For osteoblasts, RNA was extracted using ReliaPrep 
RNA Cell Miniprep System (Promega, Madison, WI, USA). cDNA was 
synthesized using ReverTra Ace qPCR RT Master Mix (Toyobo, Osaka, 
Japan), and qPCR was performed using THUNDERBIRD Next SYBR 
qPCR Mix (Toyobo). Relative gene expression was normalized to 18S 
rRNA. The primers targeting Runx2, Osterix, Bone sialoprotein, Col1a1, 
Osteopontin, and 18S rRNA were shown in Supplementary Table S1.

2.6. ALP assay and mineralization analyses

ALP activity was assessed using the TRACP & ALP assay kit (Takara 
Bio, Shiga, Japan). Mineralized nodule formation was assessed by 
Alizarin Red staining. Calcium content was determined using Metallo 
Assay CPZ III kit (Metallogenics, Chiba, Japan). Hydroxyproline con
tent, indicating collagen production, was measured after acid hydrolysis 
(in 1 N HCl for 18 h at 110 ◦C).

2.7. RNA sequencing and gene expression analysis

Libraries were prepared and sequenced on Illumina NovaSeq 6000. 
Reads were mapped to GRCm38 reference sequence and assembled into 
transcripts, using RNA-seq Analysis Portal v2.6 on CLC Genomics 
Workbench v22.0.1 (Qiagen) and Cufflinks v2.2.1 program, respec
tively. Gene set enrichment analysis (GSEA) was performed using the 
GSEA tool v4.3.2.

2.8. Immunoblot analysis

Following primary antibodies were used for immunoblotting; anti- 
osteocalcin (Cloud-Clone, PAA471Mu01, Katy, TX, USA), anti- 
osteopontin (Santa Cruz, sc-21742, Dallas, TX, USA), anti- 
methylglyoxal 5-hydro-5-methylimidazolone (HycultBiotech, HM5017, 
Wayne, PA, USA), anti-Osterix (Santa Cruz, sc-393325), anti-Runx2 
(Santa Cruz, sc-101145), anti-bone sialoprotein (Bioss, bs-4729R, 
Woburn, MA, USA), and horseradish peroxidase (HRP)-conjugated 
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anti-β-actin antibody (Proteintech, HRP-60008, Rosemont, IL, USA).

2.9. Glu-osteocalcin quantification in culture supernatants

Undercarboxylated osteocalcin (Glu-osteocalcin) levels in culture 
supernatants were determined using Mouse Glu-Osteocalcin High Sen
sitive EIA Kit (Takara Bio).

2.10. Statistical analysis

Data are presented as mean ± standard deviation. Statistical signif
icance was determined by one-way ANOVA with Tukey’s multiple 
comparison test or unpaired Student’s t-test using GraphPad Prism 
v9.1.1 (GraphPad Software, San Diego, CA, USA). P < 0.05 was 
considered significant.

Fig. 1. Methylglyoxal (MG) inhibits callus mineralization and impairs fracture healing. 
(a) Experimental timeline: Mice with tibial fractures received daily MG (110 mg/kg) or PBS injections for 14 days. (b) Plasma MG-modified proteins quantified by 
immunoblot densitometry (Supplementary Fig. S1). (c) Radiological assessment of callus formation. (d–g) Biomechanical properties: energy absorption (d), failure 
time (e), stiffness (f), maximum load (g). (h) Diagram of callus area and fracture line in tibia. (i) Micro-CT images: 3D reconstruction (left), axial images (upper right), 
highlighted callus area (red, lower right). (j,k) Callus volume (j) and volumetric bone mineral density (vBMD) (k). (l,m) Expression of Osteocalcin (l) and Bone 
sialoprotein (m) at day 14, normalized to 18S rRNA. Data are mean ± SD. Vehicle vs. MG-treated: n = 8 vs. 8 in (b); n = 10 vs. 10 in (c-g, j,k); n = 6 vs. 6 in (l,m). 
Statistical significance by unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)
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3. Results

3.1. MG per se suppresses callus mineralization and impairs fracture 
healing

To assess the impact of MG on fracture healing in non-diabetic mice, 
we administered MG intraperitoneally to mice with tibial fractures for 
14 days (Fig. 1a). No adverse effects on body weight, liver function, or 
renal function were observed at the dosage used (Supplementary 
Table S2). Elevated plasma MG-modified proteins confirmed systemic 
MG absorption (Fig. 1b and Supplementary Fig. S1). Radiological 
analysis showed callus formation in all mice at 14 days post-fracture 
(Fig. 1c). However, biomechanical analysis using a three-point 
bending test showed MG significantly decreased energy absorption ca
pacity and time to failure under stress (Fig. 1d and e), indicating 
compromised mechanical resilience and increased susceptibility to 
damage. Notably, stiffness and maximum load were unaffected by MG 
(Fig. 1f and g), suggesting initial structural strength and deformation 
resistance (elastic-strength properties) were maintained.

To elucidate the underlying cause of increased brittleness, we uti
lized quantitative computed tomography to analyze fracture sites. While 
callus volume was comparable between MG- and vehicle-treated mice 
(Fig. 1h–j), vBMD was significantly lower in the MG-treated group 
(Fig. 1k). This decrease in vBMD, coupled with reduced expression of 
mineralization-related factors like osteocalcin and bone sialoprotein at 
the fracture site (Fig. 1l and m), strongly indicates MG impairs 
osteoblast-mediated callus mineralization.

3.2. MG directly inhibits osteoblast maturation and mineralization in 
vitro

To investigate the cellular mechanisms behind the reduced callus 
mineralization in MG-treated mice, we examined the direct effects of 
MG on osteoblast differentiation and function in vitro. Consistent with 
previous studies [24–26], high doses of MG (≥500 μM) caused signifi
cant osteoblast cytotoxicity (Supplementary Fig. S2). On the other hand, 
at lower, non-cytotoxic concentrations (≤300 μM), MG only exhibited 
mild cytostatic effects (Supplementary Fig. S2) but significantly 
decreased alkaline phosphatase (ALP) activity at 7 days 
post-differentiation induction (Fig. 2a), indicating impaired osteoblast 
maturation and reduced mineralization capacity. Alizarin Red staining 
(Fig. 2b and c) and calcium content assays (Fig. 2d) at 21 days 
post-differentiation induction, confirmed that even low, non-cytotoxic 
doses of MG significantly inhibited osteoblast mineralization.

Given that cell cycle exit and arrest are prerequisites for terminal 
differentiation of osteoblasts [27], the observed impairment is unlikely 
due to MG’s cytostatic effects at lower concentrations. This is supported 
by the finding that MG did not affect the induction of early differenti
ation markers, Col1a1 (Fig. 2e and Supplementary Fig. S3a) and Osteo
pontin (Supplementary Fig. S4). These results suggest that low-dose MG 
does not hinder early osteoblast differentiation but specifically targets 
later maturation stages, abrogating their mineralization capacity.

3.3. MG-induced molecular changes associated with impaired osteoblast 
mineralization: transcriptomic and protein analyses reveal downregulation 
of Osterix

To elucidate the molecular mechanisms underlying MG-mediated 

Fig. 2. Methylglyoxal (MG) directly impairs osteoblast maturation and mineralization in vitro. 
Primary osteoblasts treated with MG for 7 or 21 days, refreshing medium every 6 h. (a) Alkaline phosphatase (ALP) activity normalized to total protein. (b) Alizarin 
Red staining of mineralized nodules. (c) Quantification of Alizarin Red staining. (d) Total calcium content. (e) Hydroxyproline content indicating collagen pro
duction. Data are mean ± SD. n = 9 in (a), 3 in (c,e), and 4 in (d). Statistical significance by one-way ANOVA with Tukey’s multiple comparison test. **p < 0.01, 
***p < 0.001; ns, not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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inhibition of osteoblast mineralization, we performed transcriptomic 
analysis using an MG concentration inhibiting osteoblast mineralization 
(300 μM). MG treatment significantly downregulated genes associated 
with mineralization (Fig. 3a). Consistent with this finding, we observed 
decreased protein levels of bone sialoprotein and osteocalcin in MG- 
treated osteoblasts (Fig. 3b and c and Supplementary Figs. S3b and c). 
Furthermore, MG treatment also reduced levels of secreted osteocalcin 
(Glu-osteocalcin) in the culture supernatant (Fig. 3d). These results 
collectively demonstrate that MG suppresses the expression and secre
tion of factors critical for osteoblast-mediated mineralization.

Given the pivotal role of transcription factors Runx2 [5,6] and 
Osterix [6,8] in osteoblast differentiation and mineralization, we 
examined their expression in MG-treated osteoblasts. Notably, MG 
specifically suppressed Osterix expression without affecting Runx2 
levels (Fig. 3e and f and Supplementary Figs. S3d and e). This strongly 
suggests that MG disrupts osteoblast terminal differentiation by down
regulating Osterix, a key transcriptional regulator for 
mineralization-related genes [8]. These molecular insights provide a 
foundation for understanding the detrimental effects of MG on bone 
health and fracture healing.

4. Discussion

MG, elevated in diabetes [14], has been proposed to delay fracture 
healing [15,16,28], but direct evidence was lacking. Our study is the 
first to demonstrate that MG impairs fracture healing in non-diabetic 
mice by inhibiting callus mineralization, supporting the hypothesis 
that elevated MG contributes to impaired healing in diabetic patients. 
MG administration increased the fragility of the newly formed cal
lus/bone complex at the fracture site. This effect was not due to changes 
in initial callus formation, callus volume, or elastic strength but was 
primarily due to impaired mineralization and subsequent microstruc
tural alterations. While AGE accumulation in bone has been reported to 
contribute to bone fragility in diabetes by altering collagen properties 
[29–32], this may not fully explain our observations. Specifically, unlike 
AGE-crosslinked collagen in bone, which typically reduces bone defor
mation capacity [31,32], MG compromises the structural ability of en
ergy absorption and stress resistance without affecting deformation 
capacity. Further investigation is needed to elucidate the complex 
interplay between MG, AGEs, and other factors in diabetic bone disease.

Although MG levels vary in diabetic patients [14], they are likely not 
high enough to cause osteoblast death. This is supported by observations 
that many diabetic patients, particularly those with type 2 diabetes, 
have increased bone mass [31], suggesting bone-forming osteoblasts 
remain viable and functional. Although high MG levels cause osteoblast 
death (Supplementary Fig. S2) [24–26,33], our study establishes that 
sub-cytotoxic levels also have a detrimental effect: compromised 
mineralization. This implies that in diabetes, MG levels may not be 
cytotoxic for osteoblast-lineage cells but still impair bone healing. Po
tential mechanisms include impaired proteasomal degradation, oxida
tive stress, mitochondrial dysfunction, promotion of intracellular and 
extracellular AGE formation, and signaling via the receptor for AGEs 
[14]. These multifaceted effects disrupt bone healing, underscoring the 
importance of MG and its downstream events as therapeutic targets. It 
should be noted that our experimental model, focusing solely on MG, did 
not fully capture the complex, multifactorial nature of diabetes. For 
instance, decreased callus size, common in diabetic models [4,10,11,34,
35], was not observed in our model. This discrepancy likely arises due to 
additional factors present in diabetes, such as other chemical mediators, 
altered inflammatory responses, and impaired angiogenesis. This high
lights the need for further investigation into the intricate interplay of 
factors contributing to diabetic bone disease.

Our transcriptomic analysis showed MG downregulates genes related 
to osteoblast mineralization with a corresponding decrease in osteo
calcin and bone sialoprotein expression at the fracture site. This suggests 
a conserved mechanism by which MG impairs mineralized matrix 

formation both in vivo and in vitro. We found that MG suppressed Osterix, 
a master regulator of osteoblast maturation and mineralization [6,8], 
without affecting Runx2, which is crucial for early osteoblast differen
tiation [5,6]. This indicates MG disrupts a pathway governing osteoblast 
terminal differentiation and ECM mineralization, where osteocalcin 
plays an indispensable role in hydroxyapatite deposition [36,37]. 
Notably, our finding that MG reduces osteocalcin expression in osteo
blasts may provide a mechanistic explanation for the frequently re
ported clinical observations of decreased circulating osteocalcin levels 
in diabetic patients [38]. Because uncarboxylated osteocalcin acts as a 
hormone influencing various organs [39,40], and osteoblast-lineage 
cells are its primary source [39,40], MG-induced osteocalcin reduction 
may have broader systemic effects beyond bone metabolism, potentially 
including dysregulation of glucose metabolism, energy expenditure, and 
other osteocalcin-mediated processes [39–41].

While other factors like hormones, matrix properties, and availabil
ity of nutrition and mineral may also influence the speed and efficiency 
of ECM mineralization [42,43], our findings emphasize the direct 
impact of MG on osteoblast function, highlighting its potential role in 
the pathogenesis of impaired bone healing in diabetes. Interestingly, MG 
treatment significantly increased osteopontin expression, an early 
osteoblast marker [5,7] (Supplementary Fig. S4), potentially as a 
compensatory response to MG-induced cellular stress. However, this 
possible compensation appears insufficient to overcome the detrimental 
effects of MG on mineralization and bone formation.

In conclusion, our study provides compelling evidence that sub- 
cytotoxic MG impairs osteoblast-mediated mineralization, primarily 
via Osterix suppression. This identifies MG and MG-sensitive pathways 
as potential therapeutic targets for diabetic bone complications. Further 
research is warranted to fully elucidate the underlying mechanisms and 
develop targeted interventions aimed at improving bone repair and 
regeneration in diabetic patients.
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Fig. 3. Methylglyoxal (MG) suppresses Osterix and downstream mineralization-related factors. 
(a) RNA-seq analysis of osteoblasts treated with MG (300 μM). Gene set enrichment analysis (GSEA) shows downregulation of bone mineralization genes. (b,c) 
Protein levels of bone sialoprotein (b) and osteocalcin (c) normalized to β-actin. (d) Glu-osteocalcin levels in culture supernatants measured by ELISA. (e,f) Protein 
levels of Osterix (e) and Runx2 (f) normalized to β-actin. Data are mean ± SD. n = 8 in (b,e) and 4 in (c,d,f). Statistical significance was determined by one-way 
ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.

T. Seto et al.                                                                                                                                                                                                                                     Biochemical and Biophysical Research Communications 747 (2025) 151312 

6 



Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

We express our heartfelt gratitude to Professor Hiroshi Takayanagi of 
the University of Tokyo and Dr. Y. Hitaka of Yamaguchi University for 
their invaluable feedback. This research was supported by grants from 
the Japan Society for the Promotion of Science (20K09412, 23K14085, 
24K12310, 24K12808, 24K12417), the UBE Foundation, the Innovative 
Research Discovery and Development Project (FOCS) of Yamaguchi 
University, IVY Cosmetics, The Uehara Memorial Foundation, and 
Takeda Science Foundation.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbrc.2025.151312.

References

[1] L. Claes, S. Recknagel, A. Ignatius, Fracture healing under healthy and 
inflammatory conditions, Nat. Rev. Rheumatol. 8 (2012) 133–143, https://doi.org/ 
10.1038/nrrheum.2012.1.

[2] S.C. Dennis, C.J. Berkland, L.F. Bonewald, M.S. Detamore, Endochondral 
ossification for enhancing bone regeneration: converging native extracellular 
matrix biomaterials and developmental engineering in vivo, Tissue Eng., Part B 21 
(2015) 247–266, https://doi.org/10.1089/ten.TEB.2014.0419.

[3] A. Salhotra, H.N. Shah, B. Levi, M.T. Longaker, Mechanisms of bone development 
and repair, Nat. Rev. Mol. Cell Biol. 21 (2020) 696–711, https://doi.org/10.1038/ 
s41580-020-00279-w.

[4] M. Tanios, B. Brickman, E. Cage, K. Abbas, C. Smith, M. Atallah, S. Baroi, B. Lecka- 
Czernik, Diabetes and impaired fracture healing: a narrative review of recent 
literature, Curr. Osteoporos. Rep. 20 (2022) 229–239, https://doi.org/10.1007/ 
s11914-022-00740-z.

[5] T. Komori, Runx2, a multifunctional transcription factor in skeletal development, 
J. Cell. Biochem. 87 (2002) 1–8, https://doi.org/10.1002/jcb.10276.

[6] S. Harada, G.A. Rodan, Control of osteoblast function and regulation of bone mass, 
Nature 423 (2003) 349–355, https://doi.org/10.1038/nature01660.

[7] J.E. Aubin, F. Liu, L. Malaval, A.K. Gupta, Osteoblast and chondroblast 
differentiation, Bone 17 (1995) 77S–83S, https://doi.org/10.1016/8756-3282(95) 
00183-e.

[8] J.S. Wang, N. Tokavanich, M.N. Wein, SP7: from bone development to skeletal 
disease, Curr. Osteoporos. Rep. 21 (2023) 241–252, https://doi.org/10.1007/ 
s11914-023-00778-7.

[9] Y.Y. Wu, E. Xiao, D.T. Graves, Diabetes mellitus related bone metabolism and 
periodontal disease, Int. J. Oral Sci. 7 (2015) 63–72, https://doi.org/10.1038/ 
ijos.2015.2.

[10] R.A. Kayal, J. Alblowi, E. McKenzie, N. Krothapalli, L. Silkman, L. Gerstenfeld, T. 
A. Einhorn, D.T. Graves, Diabetes causes the accelerated loss of cartilage during 
fracture repair which is reversed by insulin treatment, Bone 44 (2009) 357–363, 
https://doi.org/10.1016/j.bone.2008.10.042.

[11] M.L. Brown, K. Yukata, C.W. Farnsworth, D.G. Chen, H. Awad, M.J. Hilton, R. 
J. O’Keefe, L. Xing, R.A. Mooney, M.J. Zuscik, Delayed fracture healing and 
increased callus adiposity in a C57BL/6J murine model of obesity-associated type 2 
diabetes mellitus, PLoS One 9 (2014) e99656, https://doi.org/10.1371/journal. 
pone.0099656.

[12] R. Tevlin, E.Y. Seo, O. Marecic, A. McArdle, X. Tong, B. Zimdahl, A. Malkovskiy, 
R. Sinha, G. Gulati, X. Li, T. Wearda, R. Morganti, M. Lopez, R.C. Ransom, C. 
R. Duldulao, M. Rodrigues, A. Nguyen, M. Januszyk, Z. Maan, K. Paik, K.S. Yapa, 
J. Rajadas, D.C. Wan, G.C. Gurtner, M. Snyder, P.A. Beachy, F. Yang, S. 
B. Goodman, I.L. Weissman, C.K. Chan, M.T. Longaker, Pharmacological rescue of 
diabetic skeletal stem cell niches, Sci. Transl. Med. 9 (2017), https://doi.org/ 
10.1126/scitranslmed.aag2809.

[13] M.S. Shah, M. Brownlee, Molecular and cellular mechanisms of cardiovascular 
disorders in diabetes, Circ. Res. 118 (2016) 1808–1829, https://doi.org/10.1161/ 
CIRCRESAHA.116.306923.

[14] C.G. Schalkwijk, C.D.A. Stehouwer, Methylglyoxal, a highly reactive dicarbonyl 
compound, in diabetes, its vascular complications, and other age-related diseases, 
Physiol. Rev. 100 (2020) 407–461, https://doi.org/10.1152/physrev.00001.2019.

[15] T. Roszer, Inflammation as death or life signal in diabetic fracture healing, 
Inflamm. Res. 60 (2011) 3–10, https://doi.org/10.1007/s00011-010-0246-9.

[16] T. Aikawa, H. Matsubara, S. Ugaji, J. Shirakawa, R. Nagai, S. Munesue, 
A. Harashima, Y. Yamamoto, H. Tsuchiya, Contribution of methylglyoxal to 
delayed healing of bone injury in diabetes, Mol. Med. Rep. 16 (2017) 403–409, 
https://doi.org/10.3892/mmr.2017.6589.

[17] Q. Huang, Y. Chen, N. Gong, Y.X. Wang, Methylglyoxal mediates streptozotocin- 
induced diabetic neuropathic pain via activation of the peripheral TRPA1 and 
Nav1.8 channels, Metabolism 65 (2016) 463–474, https://doi.org/10.1016/j. 
metabol.2015.12.002.

[18] A.L. Oliveira, M.L. Medeiros, A.C. Ghezzi, G.A. Dos Santos, G.C. Mello, F.Z. Monica, 
E. Antunes, Evidence that methylglyoxal and receptor for advanced glycation end 
products are implicated in bladder dysfunction of obese diabetic ob/ob mice, Am. 
J. Physiol. Ren. Physiol. 325 (2023) F436–F447, https://doi.org/10.1152/ 
ajprenal.00089.2023.

[19] N.T. Moldogazieva, I.M. Mokhosoev, T.I. Mel’nikova, Y.B. Porozov, A.A. Terentiev, 
Oxidative stress and advanced lipoxidation and glycation end products (ALEs and 
AGEs) in aging and age-related diseases, Oxid. Med. Cell. Longev. 2019 (2019) 
3085756, https://doi.org/10.1155/2019/3085756.

[20] M. Saito, Y. Kida, S. Kato, K. Marumo, Diabetes, collagen, and bone quality, Curr. 
Osteoporos. Rep. 12 (2014) 181–188, https://doi.org/10.1007/s11914-014-0202- 
7.

[21] W.H. Chan, H.J. Wu, N.H. Shiao, Apoptotic signaling in methylglyoxal-treated 
human osteoblasts involves oxidative stress, c-Jun N-terminal kinase, caspase-3, 
and p21-activated kinase 2, J. Cell. Biochem. 100 (2007) 1056–1069, https://doi. 
org/10.1002/jcb.21114.

[22] M.M. McDonald, A. Morse, K. Mikulec, L. Peacock, P.A. Baldock, P.J. Kostenuik, D. 
G. Little, Matrix metalloproteinase-driven endochondral fracture union proceeds 
independently of osteoclast activity, J. Bone Miner. Res. 28 (2013) 1550–1560, 
https://doi.org/10.1002/jbmr.1889.

[23] S. Kim, T. Koga, M. Isobe, B.E. Kern, T. Yokochi, Y.E. Chin, G. Karsenty, 
T. Taniguchi, H. Takayanagi, Stat1 functions as a cytoplasmic attenuator of Runx2 
in the transcriptional program of osteoblast differentiation, Genes Dev. 17 (2003) 
1979–1991, https://doi.org/10.1101/gad.1119303.

[24] E.M. Choi, K.S. Suh, S.Y. Rhee, Y.S. Kim, Sciadopitysin alleviates methylglyoxal- 
mediated glycation in osteoblastic MC3T3-E1 cells by enhancing glyoxalase system 
and mitochondrial biogenesis, Free Radic. Res. 48 (2014) 729–739, https://doi. 
org/10.3109/10715762.2014.903562.

[25] K.S. Suh, E.M. Choi, S.Y. Rhee, Y.S. Kim, Methylglyoxal induces oxidative stress 
and mitochondrial dysfunction in osteoblastic MC3T3-E1 cells, Free Radic. Res. 48 
(2014) 206–217, https://doi.org/10.3109/10715762.2013.859387.

[26] K. Waqas, M. Muller, M. Koedam, Y. El Kadi, M.C. Zillikens, B.C.J. van der Eerden, 
Methylglyoxal - an advanced glycation end products (AGEs) precursor - inhibits 
differentiation of human MSC-derived osteoblasts in vitro independently of 
receptor for AGEs (RAGE), Bone 164 (2022) 116526, https://doi.org/10.1016/j. 
bone.2022.116526.

[27] S. Zhu, W. Chen, A. Masson, Y.P. Li, Cell signaling and transcriptional regulation of 
osteoblast lineage commitment, differentiation, bone formation, and homeostasis, 
Cell Discov 10 (2024) 71, https://doi.org/10.1038/s41421-024-00689-6.

[28] S.W.T. Lai, E.J. Lopez Gonzalez, T. Zoukari, P. Ki, S.C. Shuck, Methylglyoxal and its 
adducts: induction, repair, and association with disease, Chem. Res. Toxicol. 35 
(2022) 1720–1746, https://doi.org/10.1021/acs.chemrestox.2c00160.

[29] D. Vashishth, G.J. Gibson, J.I. Khoury, M.B. Schaffler, J. Kimura, D.P. Fyhrie, 
Influence of nonenzymatic glycation on biomechanical properties of cortical bone, 
Bone 28 (2001) 195–201, https://doi.org/10.1016/s8756-3282(00)00434-8.

[30] W.D. Leslie, M.R. Rubin, A.V. Schwartz, J.A. Kanis, Type 2 diabetes and bone, 
J. Bone Miner. Res. 27 (2012) 2231–2237, https://doi.org/10.1002/jbmr.1759.

[31] N. Napoli, M. Chandran, D.D. Pierroz, B. Abrahamsen, A.V. Schwartz, S.L. Ferrari, 
I.O.F. Bone, G. Diabetes Working, Mechanisms of diabetes mellitus-induced bone 
fragility, Nat. Rev. Endocrinol. 13 (2017) 208–219, https://doi.org/10.1038/ 
nrendo.2016.153.

[32] S. Khosla, P. Samakkarnthai, D.G. Monroe, J.N. Farr, Update on the pathogenesis 
and treatment of skeletal fragility in type 2 diabetes mellitus, Nat. Rev. Endocrinol. 
17 (2021) 685–697, https://doi.org/10.1038/s41574-021-00555-5.

[33] K.S. Suh, S. Chon, E.M. Choi, Limonene protects osteoblasts against methylglyoxal- 
derived adduct formation by regulating glyoxalase, oxidative stress, and 
mitochondrial function, Chem. Biol. Interact. 278 (2017) 15–21, https://doi.org/ 
10.1016/j.cbi.2017.10.001.

[34] N. Follak, I. Kloting, H. Merk, Influence of diabetic metabolic state on fracture 
healing in spontaneously diabetic rats, Diabetes Metab Res Rev 21 (2005) 
288–296, https://doi.org/10.1002/dmrr.537.

[35] K.I. Ko, L.S. Coimbra, C. Tian, J. Alblowi, R.A. Kayal, T.A. Einhorn, L. 
C. Gerstenfeld, R.J. Pignolo, D.T. Graves, Diabetes reduces mesenchymal stem cells 
in fracture healing through a TNFalpha-mediated mechanism, Diabetologia 58 
(2015) 633–642, https://doi.org/10.1007/s00125-014-3470-y.

[36] T. Moriishi, R. Ozasa, T. Ishimoto, T. Nakano, T. Hasegawa, T. Miyazaki, W. Liu, 
R. Fukuyama, Y. Wang, H. Komori, X. Qin, N. Amizuka, T. Komori, Osteocalcin is 
necessary for the alignment of apatite crystallites, but not glucose metabolism, 
testosterone synthesis, or muscle mass, PLoS Genet. 16 (2020) e1008586, https:// 
doi.org/10.1371/journal.pgen.1008586.

[37] S. Vimalraj, Alkaline phosphatase: structure, expression and its function in bone 
mineralization, Gene 754 (2020) 144855, https://doi.org/10.1016/j. 
gene.2020.144855.

[38] S.K. Kunutsor, T.A. Apekey, J.A. Laukkanen, Association of serum total osteocalcin 
with type 2 diabetes and intermediate metabolic phenotypes: systematic review 
and meta-analysis of observational evidence, Eur. J. Epidemiol. 30 (2015) 
599–614, https://doi.org/10.1007/s10654-015-0058-x.

[39] P. Ducy, The role of osteocalcin in the endocrine cross-talk between bone 
remodelling and energy metabolism, Diabetologia 54 (2011) 1291–1297, https:// 
doi.org/10.1007/s00125-011-2155-z.

T. Seto et al.                                                                                                                                                                                                                                     Biochemical and Biophysical Research Communications 747 (2025) 151312 

7 

https://doi.org/10.1016/j.bbrc.2025.151312
https://doi.org/10.1016/j.bbrc.2025.151312
https://doi.org/10.1038/nrrheum.2012.1
https://doi.org/10.1038/nrrheum.2012.1
https://doi.org/10.1089/ten.TEB.2014.0419
https://doi.org/10.1038/s41580-020-00279-w
https://doi.org/10.1038/s41580-020-00279-w
https://doi.org/10.1007/s11914-022-00740-z
https://doi.org/10.1007/s11914-022-00740-z
https://doi.org/10.1002/jcb.10276
https://doi.org/10.1038/nature01660
https://doi.org/10.1016/8756-3282(95)00183-e
https://doi.org/10.1016/8756-3282(95)00183-e
https://doi.org/10.1007/s11914-023-00778-7
https://doi.org/10.1007/s11914-023-00778-7
https://doi.org/10.1038/ijos.2015.2
https://doi.org/10.1038/ijos.2015.2
https://doi.org/10.1016/j.bone.2008.10.042
https://doi.org/10.1371/journal.pone.0099656
https://doi.org/10.1371/journal.pone.0099656
https://doi.org/10.1126/scitranslmed.aag2809
https://doi.org/10.1126/scitranslmed.aag2809
https://doi.org/10.1161/CIRCRESAHA.116.306923
https://doi.org/10.1161/CIRCRESAHA.116.306923
https://doi.org/10.1152/physrev.00001.2019
https://doi.org/10.1007/s00011-010-0246-9
https://doi.org/10.3892/mmr.2017.6589
https://doi.org/10.1016/j.metabol.2015.12.002
https://doi.org/10.1016/j.metabol.2015.12.002
https://doi.org/10.1152/ajprenal.00089.2023
https://doi.org/10.1152/ajprenal.00089.2023
https://doi.org/10.1155/2019/3085756
https://doi.org/10.1007/s11914-014-0202-7
https://doi.org/10.1007/s11914-014-0202-7
https://doi.org/10.1002/jcb.21114
https://doi.org/10.1002/jcb.21114
https://doi.org/10.1002/jbmr.1889
https://doi.org/10.1101/gad.1119303
https://doi.org/10.3109/10715762.2014.903562
https://doi.org/10.3109/10715762.2014.903562
https://doi.org/10.3109/10715762.2013.859387
https://doi.org/10.1016/j.bone.2022.116526
https://doi.org/10.1016/j.bone.2022.116526
https://doi.org/10.1038/s41421-024-00689-6
https://doi.org/10.1021/acs.chemrestox.2c00160
https://doi.org/10.1016/s8756-3282(00)00434-8
https://doi.org/10.1002/jbmr.1759
https://doi.org/10.1038/nrendo.2016.153
https://doi.org/10.1038/nrendo.2016.153
https://doi.org/10.1038/s41574-021-00555-5
https://doi.org/10.1016/j.cbi.2017.10.001
https://doi.org/10.1016/j.cbi.2017.10.001
https://doi.org/10.1002/dmrr.537
https://doi.org/10.1007/s00125-014-3470-y
https://doi.org/10.1371/journal.pgen.1008586
https://doi.org/10.1371/journal.pgen.1008586
https://doi.org/10.1016/j.gene.2020.144855
https://doi.org/10.1016/j.gene.2020.144855
https://doi.org/10.1007/s10654-015-0058-x
https://doi.org/10.1007/s00125-011-2155-z
https://doi.org/10.1007/s00125-011-2155-z


[40] A. Mizokami, T. Kawakubo-Yasukochi, M. Hirata, Osteocalcin and its endocrine 
functions, Biochem. Pharmacol. 132 (2017) 1–8, https://doi.org/10.1016/j. 
bcp.2017.02.001.

[41] F. Long, Building strong bones: molecular regulation of the osteoblast lineage, Nat. 
Rev. Mol. Cell Biol. 13 (2011) 27–38, https://doi.org/10.1038/nrm3254.

[42] T. Komori, What is the function of osteocalcin? J. Oral Biosci. 62 (2020) 223–227, 
https://doi.org/10.1016/j.job.2020.05.004.

[43] A. Arnold, E. Dennison, C.S. Kovacs, M. Mannstadt, R. Rizzoli, M.L. Brandi, 
B. Clarke, R.V. Thakker, Hormonal regulation of biomineralization, Nat. Rev. 
Endocrinol. 17 (2021) 261–275, https://doi.org/10.1038/s41574-021-00477-2.

T. Seto et al.                                                                                                                                                                                                                                     Biochemical and Biophysical Research Communications 747 (2025) 151312 

8 

https://doi.org/10.1016/j.bcp.2017.02.001
https://doi.org/10.1016/j.bcp.2017.02.001
https://doi.org/10.1038/nrm3254
https://doi.org/10.1016/j.job.2020.05.004
https://doi.org/10.1038/s41574-021-00477-2

	Methylglyoxal compromises callus mineralization and impairs fracture healing through suppression of osteoblast terminal dif ...
	1 Introduction
	2 Materials and methods
	2.1 Animal experiments
	2.2 Micro-computed tomography (micro-CT)
	2.3 Biomechanical analysis
	2.4 Primary osteoblast isolation and culture
	2.5 Quantitative PCR (qPCR)
	2.6 ALP assay and mineralization analyses
	2.7 RNA sequencing and gene expression analysis
	2.8 Immunoblot analysis
	2.9 Glu-osteocalcin quantification in culture supernatants
	2.10 Statistical analysis

	3 Results
	3.1 MG per se suppresses callus mineralization and impairs fracture healing
	3.2 MG directly inhibits osteoblast maturation and mineralization in vitro
	3.3 MG-induced molecular changes associated with impaired osteoblast mineralization: transcriptomic and protein analyses re ...

	4 Discussion
	CRediT authorship contribution statement
	Data availability statement
	Disclosure
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


