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Summary 
The objective of this in vitro study was to examine the impact of 
metformin (MET) at different concentrations (0.1, 1, 10, 50, and 
100 mM) on rat primary osteoblasts, as the results obtained so 
far are inconsistent. Osteoblast apoptosis, viability, alkaline 
phosphatase (ALPL) activity, production of osteoblast-specific 
biomarkers, including ALPL, osteocalcin (BGLAP), type I collagen 
alpha 1 (COL1A1), integrin-binding sialoprotein (IBSP), bone 
morphogenetic protein 2 (BMP2), runt-related transcription 
factor 2 (RUNX2), vascular endothelial growth factor (VEGF), 
tumor necrosis factor ligand superfamily member 11 (TNFSF11 or 
RANKL), as well as calcium/collagen deposition were assessed. 
Our results revealed that a dose of 100 mM was cytotoxic to 
osteoblasts and resulted in a complete loss of their viability. 
Therefore, this concentration was excluded from further 
analyses. In general, MET exhibited a dose-dependent impact on 
multiple osteoblast-specific functional biomarkers, with beneficial 
effects noted on ALPL activity (at 0.1 and 1 mM) as well as on 
the levels of ALPL (0.1 and 1 mM), BGLAP (at 0.1-50 mM), IBSP 
(at 0.1-50 mM), BMP2 (at 0.1, 10 and 50 mM), VEGF (at 0.1 and 
1 mM), and RANKL (at 0.1 mM). Calcium/collagen deposition at 
concentrations of 0.1 and 1 mM reached the same level as 
control cells, higher doses (10 and 50 mM) dramatically reduced 
cell viability after 21 days and the aforementioned parameters 
could not be evaluated. It can be concluded that MET at 
concentrations up to 1 mM can promote osteoblast viability, 
osteogenic differentiation, angiogenic signaling, and reduce 
osteoclastogenesis. 
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Metformin (MET, 1,1-dimethylbiguanide) is the 
first-line oral antidiabetic medication often used to treat 
type 2 diabetes mellitus (T2DM) due to its ability to 
enhance peripheral glucose uptake, decrease hepatic 
glucose synthesis, and improve insulin sensitivity [1,2]. 
In addition to its antidiabetic benefits, MET has been 
shown to exhibit pleiotropic effects, such as antioxidant, 
anti-inflammatory, cardioprotective, anticancer, and bone 
protective actions [3,4]. In general, activation of  
AMP-activated protein kinase (AMPK), regulation of 
mitochondrial function, modification of reactive oxygen 
species (ROS) and subsequent impacts on cellular 
metabolism and differentiation pathways are primarily 
responsible for the mechanisms of its action [5,6]. 

Emerging evidence suggests that MET can 
improve bone health. Various studies performed in vitro 
show that MET inhibits osteoclastogenesis while 
promoting osteoblast differentiation from mesenchymal 
stem cells (MSCs) or embryonal cells such as MC3T3-E1 
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or osteoblast-like cancer cell lines (e.g. U2OS, MG63)  
[7-9]. However, research investigating the impact of 
MET on osteoblast-specific biomarkers in primary 
osteoblast cell cultures is rare and the results obtained are 
inconsistent. The majority of studies [10-12] 
demonstrated a protective effect of MET (at 0.1-0.8 mM) 
against osteoblast apoptosis and its inhibitory impact on 
osteoclast differentiation. The study by Patel et al. [13] 
revealed no effect of MET (at 0.1 mM) on osteoblast or 
osteoclast function. In contrast, Kasai et al. [14] pointed 
out its negative impact (at 0.5-5 mM) on osteoblast 
differentiation. The aim of this in vitro study was 
therefore to evaluate the effects of MET at different 
concentrations on a broader spectrum of osteoblast-
specific functional biomarkers, including cell viability, 
apoptosis, ALPL activity, production of alkaline 
phosphatase (ALPL), osteocalcin (BGLAP), type I 
collagen alpha 1 (COL1A1), integrin-binding sialoprotein 
(IBSP), bone morphogenetic protein 2 (BMP2), runt-
related transcription factor 2 (RUNX2), vascular 
endothelial growth factor (VEGF), tumor necrosis factor 
ligand superfamily member 11 (TNFSF11 or RANKL), 
as well as calcium/collagen deposition in primary rat 
osteoblast cell culture. 

Calvarial rat primary osteoblasts (InnoProt, Rat 
Osteoblasts, P10931, Derio, Spain) were cultured in 
alpha-MEM medium (Sigma-Aldrich, St. Louis, MO, 
USA) supplemented with antibiotics (1 % penicillin-
streptomycin solution, HyClone, Logan, UT, USA) and 
10 % fetal bovine serum (FBS; Sigma-Aldrich). Cells 
were cultured at 37 °C in a 5 % CO2 atmosphere in 
75 cm2 culture flasks until 80-90 % confluence was 
reached. Culture medium was changed every 2 days. 
Subculture was carried out according to Taylor et al. [15]. 
All experimental analyses were performed during the 
exponential growth phase (after the third passage). 
Osteoblasts were incubated without (control group) and 
with MET (Metformin hydrochloride, MedChemExpress, 
New Jersey, USA). The MET was dissolved in culture 
medium at final concentrations of 0.1, 1, 10, 50, and 
100 mM and the cells were treated for 72 h. Osteoblast 
apoptosis was evaluated using the TUNEL assay and 
DNA fragmentation was quantified using the 
HT TiterTACS™ Apoptosis Detection Kit (Trevigen, 
Gaithersburg, MD, USA). The proportion of  
DNA-fragmented (apoptotic) cells was calculated as 
a percentage relative to the total cell number. Cell 
viability was assessed by the colorimetric MTS assay 
(CellTiter 96® AQueous One Solution Assay, Promega, 

Madison, WI, USA) and the results were expressed as 
a percentage of optical density (OD) relative to the 
control group. ALPL activity was detected using 
BCIP®/NBT SIGMAFAST™ substrate, which stains 
cells blue-violet in the presence of ALPL activity. 
Concentrations of osteoblast-specific biomarkers, 
including ALPL, COL1A1, IBSP, BGLAP, BMP2, 
RUNX2, VEGF, RANKL were determined using ELISA 
kits (cat. no. ER0728, ER0850, ER0777, ER1205-HS, 
ER0010, ER1313, ER0069, ER1604; FineTest, Wuhan, 
China). In a mineralization assay, treated and control 
cells were cultivated in osteogenic medium for 21 days. 
Quantification of calcium deposits was performed using 
the Alizarin Red S Staining Quantification Assay  
(Cat. no. 8678, ScienCell Research Laboratories, USA). 
Collagen deposition was calculated from absorbance 
measurements after culturing osteoblasts in alpha-MEM 
medium for 21 days and staining the cells with 0.1 % 
Sirius Red in saturated aqueous picric acid. Images of 
stained cells were captured using an inverted light 
microscope at original magnification ×100. Statistical 
analysis was performed using SPSS v. 26.0 software 
(IBM Corp., Armonk, NY, USA). The results were 
presented as mean ± standard deviation (SD) of 
experiments measured as triplicate with three to eight 
technical replicates. The data obtained were evaluated 
using one-way ANOVA with Games-Howell and/or 
Tukey’s post hoc tests. P values lower than 0.05 were 
considered statistically significant. 

The highest concentration of MET (100 mM) 
was cytotoxic to osteoblasts and resulted in a complete 
loss of their viability. Therefore, this concentration was 
excluded from further analyses. A dose of 1 mM 
significantly enhanced cell viability, the remaining doses 
reached the level of control cell viability. MET at 
concentrations ranging from 0.1 to 10 mM did not affect 
osteoblast apoptosis, but a dose of 50 mM considerably 
reduced it. Considering ALPL activity, a biphasic 
MET response was observed, with lower doses (0.1 and 
1 mM) increasing ALPL activity, while higher doses  
(10 and 50 mM) leading to its decrease. MET elevated 
the production of ALPL (at 0.1 and 10 mM), BMP2 (at 
0.1, 10, and 50 mM), VEGF (at 0.1 and 1 mM), BGLAP 
(at 0.1-50 mM), and IBSP (at 0.1-50 mM). These 
findings demonstrate that MET can promote osteoblast 
differentiation and function, as well as angiogenic 
signaling. Conversely, MET downregulated RANKL (at 
0.1 mM), indicating reduced osteoclastogenesis. Higher 
concentrations of MET (10 and 50 mM) also decreased 
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COL1A1 levels, reflecting increased enzymatic degra-
dation and/or decreased secretion of type I collagen. 
None of the MET doses used affected RUNX2 levels 
(Fig. 1). RUNX2 is a master regulator of bone development, 
which is highly expressed especially in immature osteoblasts 
and its amount decreases in mature osteoblasts. Furthermore, 
the concomitant upregulation of its downstream targets 
including ALPL, BGLAP, IBSP suggests that MET may 
enhance osteogenesis through post-translation activation of 

RUNX2, primarily by elevating its phosphorylation by 
AMPK, rather than by increasing RUNX2 levels [16]. 
Calcium/collagen deposition at concentrations of 0.1 and 
1 mM reached the same level as control cells (Fig. 2), higher 
doses (10 and 50 mM) dramatically reduced cell viability 
after 21 days with minimal numbers of live osteoblasts. 
Consequently, the aforementioned parameters were not 
assessed at these doses. 

 
 

 
 
Fig. 1. Osteoblast apoptosis (a), viability (b), ALPL activity (c), and the levels of ALPL (d), BGLAP (e), COL1A1 (f), IBSP (g),  
RUNX2 (h), BMP2 (i), VEGF (j) and RANKL (k) in cultured rat primary osteoblasts after MET administration at doses of 0-50 mM. 
* p<0.05, ** p<0.01, *** p<0.001, compared to the control group (0 mM). 
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Fig. 2. Deposition of calcium (a) and collagen (b) by cultured rat primary osteoblasts (measurements and representative 
microphotographs) after MET treatment at doses of 0.1 and 1 mM. 
 
 

In in vitro experiments, MET is often applied at 
concentrations ranging from µM to mM, with tens of µM 
typically achievable in plasma under in vivo conditions. 
However, higher doses may still provide valuable insights 
into underlying mechanisms or threshold effects, as 
demonstrated in several studies [14,17]. Our results 
showed that MET exhibited a dose-dependent impact on 
multiple osteoblast-specific biomarkers, including ALPL 
activity, as well as ALPL, BGLAP, IBSP, BMP2, VEGF, 
RANKL levels, with beneficial effects at lower 
concentrations (especially at 0.1 and 1 mM). In this 
context, Duan et al. [17] discovered that higher doses of 
MET (5 and 10 mM) impaired viability and induced 
apoptosis of MSCs in vitro. It is noteworthy that in our 
research, concentrations of 10 and 50 mM did not 
significantly reduce osteoblast viability and even the 
50 mM dose decreased their apoptosis, which could 
support the fact that MET (50 mM) can promote cell 
differentiation through the regulation of autophagy and 
ROS [18]. In contrast to Kasai et al. [14], who found no 
differences in rat primary osteoblast viability after 
MET treatment at doses ranging from 0.5 to 5 mM, we 
observed enhanced osteoblast viability at 1 mM. 
Consistent with our results, Zhen et al. [10] demonstrated 
increased ALPL activity at 0.16-0.64 mM in rat primary 
osteoblasts. However, Patel et al. [13] found no 
differences at 0.1 mM, and Kasai et al. [14] reported 

reduced ALPL activity at 2 mM in mouse primary 
osteoblasts. Similar to Patel et al. [13], we did not detect 
differences in RUNX2 levels (at 0.1 mM), but unlike 
them, we revealed an increase in BGLAP production and 
a decrease in RANKL levels. Concentrations of BMP2 
and VEGF could not be compared with published data, as 
these biomarkers have not been studied in primary 
osteoblast cell cultures yet. Nevertheless, VEGF and 
BMP2 are known to promote bone repair by stimulating 
both angiogenesis and osteogenesis and their 
upregulation may contribute to the beneficial effect of 
MET on fracture healing [19]. Kasai et al. [14] found no 
effect of MET at doses of 0.5 and 1 mM on matrix 
mineralization, which corresponds to our findings. 
However, these authors stated inhibited matrix 
mineralization, as well as gene expression of RUNX2, 
BGLAP, and IBSP at 2 mM. Taking all the results into 
consideration, we can conclude that MET at 
concentrations up to 1 mM can promote rat primary 
osteoblast viability, their differentiation and function, 
angiogenic signaling, and reduce osteoclastogenesis. 
A concentration of 100 mM was cytotoxic for osteoblast 
viability, while doses of 10 and 50 mM were already 
cytotoxic for matrix mineralization. In humans, 
MET overdose can lead to MET-associated lactic 
acidosis, which is correlated with worsening of acidosis 
and hyperlactatemia, and may negatively affect bone 
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marrow [20]. In general, inhibited proliferation of bone 
marrow-derived multipotent mesenchymal stromal cells 
(BMSCs) and increased apoptosis have been reported 
after high-dose MET treatment [21]. Given that BMSCs 
serve as precursors for osteoblasts [22], excessive doses 
of MET may reduce the number of osteoblasts and also 
have an adverse effect on their function. 
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