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Abstract
Diabetes is associated with an increase in skeletal fragility and risk of fracture. However, the underlying mechanism for the 
same is not well understood. Specifically, the results from osteoblast cell culture studies are ambiguous due to contradicting 
reports. The use of supraphysiological concentrations in these studies, unachievable in vivo, might be the reason for the 
same. Therefore, here, we studied the effect of physiologically relevant levels of high glucose during diabetes (11.1 mM) 
on MC3T3-E1 osteoblast cell functions. The results showed that high glucose exposure to osteoblast cells increases their 
differentiation and mineralization without any effect on the proliferation. However, high glucose decreases their migratory 
potential and chemotaxis with a decrease in the associated cell signaling. Notably, this decrease in cell migration in high 
glucose conditions was accompanied by aberrant localization of Dynamin 2 in osteoblast cells. Besides, high glucose also 
caused a shift in mitochondrial dynamics towards the appearance of more fused and lesser fragmented mitochondria, with a 
concomitant decrease in the expression of DRP1, suggesting decreased mitochondrial biogenesis. In conclusion, here we are 
reporting for the first time that hyperglycemia causes a reduction in osteoblast cell migration and chemotaxis. This decrease 
might lead to an inefficient movement of osteoblasts to the erosion site resulting in uneven mineralization and skeletal fragil-
ity found in type 2 diabetes patients, in spite of having normal bone mineral density (BMD).
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Introduction

Diabetes is a chronic metabolic disorder primarily character-
ized by hyperglycemia. One of the complications strongly 
associated with diabetes is bone fragility and delayed frac-
ture healing [1, 2]. In the case of type 1 diabetes, bone mass 
decreases due to a reduction in the release of insulin. How-
ever, in type 2 diabetes, fracture risk, and skeletal fragil-
ity develops even when the bone mineral density (BMD) 
either remains unchanged or paradoxically increases [3]. 

This contradiction is unexplained and might be due to some 
microarchitectural abnormalities. While osteoporosis char-
acterized by low BMD is a well established complication in 
diabetes type 1, despite increase in fracture risk it doesn’t 
develop in type 2 diabetes.

Hyperglycemia is primary and the most common symp-
tom associated with diabetes. The normal fasting blood 
glucose level for non-diabetics remains between 3.9 and 
7.1 mM (70 to 130 mg/dL) with global mean plasma blood 
glucose level being ~ 5.5 mM (100 mg/dL) [4]. The opti-
mum nonfasting blood glucose levels for the same should 
be below 6.9 mM (125 mg/dL). A value between 7.6 mM 
(139 mg/dL) and 11 mM (199 mg/dL) is considered as pre-
diabetic, and the value equal to or above 11.1 mM (200 mg/
dL) is regarded as diabetic.[5]. Glucose levels higher than 
49 mM are life-threatening in vivo, even the sustained levels 
above 20 mM are not physiological and may lead to hyper-
glycemic hyperosmolar non-ketotic coma [6]. However, to 
date, most of the in vitro studies focussing on the effect of 
hyperglycemia on osteoblast functions were performed using 
very high concentrations of glucose ranging from 22 mM to 
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49.5 mM [7–15]. Results obtained at these concentrations 
showed a decrease in osteoblast cell proliferation, differen-
tiation, mineralization, and expression of osteogenic genes 
[7, 9, 11–13, 16]. However, these results do not explain 
how patients with type 2 diabetes retain comparable or even 
higher BMD values compared to healthy individuals [3, 17].

In the case of diabetic patients, the glucose levels of 
11–15 mM are physiologically relevant and can sustain for 
more extended periods [18]. Some of the studies performed 
in osteoblast cells at these concentrations have shown that 
high glucose exposure increases osteoblast proliferation, 
differentiation, and formation of mineralized nodules when 
compared with a healthy physiological concentration of 
5.5 mM [18–20]. These studies, in part, explain the occur-
rence of higher BMD observed in people with type 2 diabe-
tes. Still, they fail to substantiate the reason for the skeletal 
fragility observed in these patients.

Reports suggest that, in the process of bone remodeling, 
pre-osteoblasts derived from osteoblast precursors and resi-
dent stem cell pool, have to migrate to the site of bone for-
mation within the bone [21]. Any alteration in the migratory 
behavior of the osteoblasts might lead to an uneven bone 
deposition and poor bone health seen in diabetics. Taking 
the lead from this information, we sought to understand the 
effect of physiologically relevant levels of glucose during 
diabetes on MC3T3-E1 pre-osteoblast cells. Specifically, 
the impact of high glucose on the migratory potential of 
osteoblast cells and the molecular mechanism leading to the 
modulation of osteoblast activity was also investigated.

Materials and methods

Reagents and chemicals

Cell culture medium and supplements were purchased from 
Sigma Aldrich unless otherwise indicated. All the cell 
culture flasks and plates were procured from Nunc, Ther-
moFisher scientific. Antibodies were purchased from Cell 
signaling technologies unless mentioned otherwise. FITC 
Phalloidin and DAPI stain were from Sigma Aldrich, and 
Mitotracker Green FM and Antifade mounting medium were 
bought from Invitrogen, ThermoFisher scientific.

Cell culture

MC3T3-E1 cells (subclone 4, obtained from ATCC) were 
cultured under standard conditions (5%  CO2 and 37 ℃), 
with α-Minimum Essential Medium (α-MEM) containing 
0.026 mM sodium bicarbonate, 10% fetal bovine serum 
(FBS), antibiotic/antimycotic solution, 1% non-essential 
amino acids, and 1 mM Sodium pyruvate, unless indicated 
otherwise. Cells were trypsinized and subcultured at 80% 

confluence. For osmotic control (OC), equimolar amount 
of cell culture grade mannitol was added to the α-MEM 
media.

BrdU cell proliferation assay

Bromodeoxyuridine (BrdU) cell proliferation assay was per-
formed following a previously published method [22, 23]. 
Briefly, MC3T3-E1 cells at 70% to 80% confluence were 
trypsinized, and 4000 cells/well were seeded in 96‐well plate 
in six replicates. After 16 h, the media was changed to high 
glucose or OC media supplemented with 0.5% FBS. After 
24 h of treatment, cell proliferation was measured using 
BrdU cell proliferation ELISA colorimetric kit (Roche) 
according to the manufacturer’s instructions. Absorbance at 
450 nm was measured with a microplate reader.

ALP assay

Alkaline phosphatase (ALP) activity was done as described 
earlier [24, 25]. Briefly, cells were seeded at the density of 
4,000 cells/well in 96 well plates. After 16 h, the media was 
changed to high glucose or OC α‐MEM supplemented with 
10% FBS, 10 mM β‐glycerophosphate, and 50 µg/mL of 
ascorbic acid. Treatment was given every alternate day for 
3 days. To determine the ALP activity, media was removed, 
cells were freeze-thawed twice and incubated with pNPP 
buffer (0.2% 4-nitrophenyl phosphate, 50 mM glycine, 1 mM 
MgCl2, 100 mM TRIS, pH 10.5) for 5–15 min at 37 °C. The 
resulting formation of 4-nitrophenol (pNPP—yellow color) 
was determined photometrically at 405 nm. For ALP stain-
ing, 12,500 cells/well/500 µl of media were seeded in 24 
well plates. After 16 h, media was changed to high glucose 
or OC Osteoblast differentiation media. Treatment was given 
every alternate day for 8–10 days. To stain ALP, Alkaline 
phosphatase detection staining kit (Sigma) was used accord-
ing to the manufacturer’s protocol.

Mineralization

25,000 cells/well were seeded in 12 well plates. After 16 h, 
media was changed to high glucose or OC Osteoblast differ-
entiation media. Media was changed every alternate day for 
18 days with OB differentiation media. Alizarin red stain-
ing was done as described earlier [26]. Briefly, cells were 
washed once, fixed with 3.7% formaldehyde at room temper-
ature for 30 min, and mineralized nodules were stained with 
2% Alizarin red S solution (pH 4.2) for 30 min at ambient 
temperature. The stain was removed, and wells were washed 
5–6 times with tap water.
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Migration studies

Wound healing assay: After growing the cells to full con-
fluence in a 24 well cell culture dish, a vertical scratch 
was made in the center, using a 20 µL tip. The media was 
changed to high glucose or OC α‐MEM supplemented with 
10% FBS. Phase-contrast images were taken at 4X and 10X 
magnification at 0, 6, and 18 h. Image J software was used 
to determine the distance traveled by the cells on the scratch 
area.

Circularity, Feret’s diameter, and polarity index of the 
cells were calculated following a previously published 
method [27]. Briefly, 1000 cells/well were grown in 4 well-
chambered slides. After 16 h, high glucose or OC treatment 
was given for 24 h. After that, the media was removed, and 
cells were washed three times with PBS, fixed for 10 min 
using 3.7% formaldehyde. Then cells were washed twice 
with PBS and stained with phalloidin for 40 min at room 
temperature, after washing with PBS stained with DAPI for 
1 min. Cells were again washed thrice with PBS and then 
mounted in Antifade mounting media. Images were taken 
using fluorescent microscopy, and Image J software was 
used to determine circularity (4π × area/perimeter2, where a 
value of 1.0 indicates a perfect circle), Feret’s diameter (The 
longest distance between any two points along the selection 
boundary), and polarity index (the length of the migratory 
axis divided by the length of the axis perpendicular to the 
migratory axis, that intersects the center of the cell nucleus) 
of the cells.

Chemotaxis assay

Transwell chamber assay was carried out using a translucent 
cell culture insert of diameter 6.5 mm and pore size 8.0 µm 
(Himedia), as described previously [28]. After 6 h of OC or 
High glucose treatment, cells migrated to the lower side of 
the insert were fixed and stained with crystal violet. Images 
were taken at × 4 and × 10. Total no. of cells migrated to the 
lower surface of the insert were counted using ImageJ.

Immunostaining

Immunostaining was performed as described earlier [29]. 
1000 cells per well were seeded in 4 well-chambered slides. 
After 16 h, media was changed to high glucose or OC media. 
After 24 h, the media was removed, cells were washed with 
PBS twice and fixed in 4% formaldehyde at RT for 10 min. 
Cells were then permeabilized for 5 min with 0.25% Triton 
X 100, blocked for one hour with 1% BSA in PBST at RT 
and after overnight incubation at 4℃ in primary antibody, 
i.e., 1:1000 Dynamin 2 (Abcam-56555), washed thrice in 
PBS and incubated in 1:1000 secondary antibody (Abcam-
150080) for one hour at RT. Cells were then incubated with 

FITC phalloidin for 40 min, washed thrice, stained with 
DAPI for 1 min, and then mounted in Antifade mounting 
media. Confocal images were taken at 20X.

Mitochondrial studies

1000 cells were seeded on a coverslip, and after high glu-
cose or OC treatment, cells were washed twice with PBS 
and incubated in 100 µM Mitotracker green FM for 30 min 
at 37 ℃ and 5%  CO2. Cells were then washed twice and 
mounted in PBS and immediately imaged in the fluorescent 
microscope at 60 ×. 60–100 images were taken for each 
sample. The length of the mitochondria per cell was meas-
ured using ImageJ software. Mitochondria were categorized 
based on their length into fragmented (< 2.1 µm), intermedi-
ate (2.1–8.9 µm) and fused (> 8.9 µm).

Western blot

Western blotting was performed using the previously pub-
lished methods [29, 30]. Briefly, cells were lysed in ice-cold 
cell lysis buffer (cell signalling technologies) with protease 
and phosphatase inhibitors (Sigma). Protein concentra-
tion was determined by BCA kit (Thermofisher scientific) 
according to the manufacturer’s protocol. 30 µg of protein 
was separated by SDS-PAGE and transferred to PVDF mem-
branes. After blocking and overnight incubation with pri-
mary antibodies at 4 °C, membranes were incubated with 
the corresponding HRP-conjugated secondary antibody for 
two hours at room temperature. Chemiluminescent signals 
were detected using a chemiluminescence kit, and images 
were taken on a Chemi-Doc.

Statistical analysis

The measurements are represented by the mean ± SEM of at 
least three independent experiments unless otherwise indi-
cated. The student’s t-test was used for comparisons between 
two groups using GraphPad Prism 3.02 software.

Results

Effect of high glucose on osteoblast cell functions

MC3T3-E1 cells were exposed to α-MEM media containing 
11.1 mM, 16.6 mM, and 27.7 mM glucose or media con-
taining equimolar mannitol as osmotic controls. BrdU cell 
proliferation ELISA results showed no change in the prolif-
eration of MC3T3-E1 cells under 11.1 mM and 16.6 mM 
glucose when compared to their respective osmotic controls. 
However, at higher glucose concentration of 27.7 mM, there 
was a significant decrease in proliferation (Fig. 1a). On the 
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contrary, osteoblast differentiation assessed by both ALP 
colorimetric assay and staining was found to be increased 
at all the concentrations (Fig. 1b, c). Similarly, alizarin 
red staining for mineralization in the cells also showed an 
increase in mineralized nodule formation at all the con-
centrations of glucose when compared to their respective 
osmotic controls (Fig. 1d).

Effect of high glucose on the migration potential 
of osteoblast cells

As the aim of this study was to determine the effect of physi-
ologically relevant levels of hyperglycemia under diabetic 
conditions on osteoblast cells, further experiments were 
performed with 11.1 mM glucose. To investigate whether 
hyperglycemia modulates osteoblast migration, we carried 
out wound healing assay and measured the wound closure 
at 6 h and 18 h (Fig. 2a). Pre-osteoblasts treated with high 
glucose migrated lesser distances on the scratch area as com-
pared to OC (Fig. 2b).

Migrating cells tend to have a lower circularity and higher 
Feret’s diameter and polarity index compared to the non-
migrating ones. We observed that the cells exposed to high 
glucose media for 24 h were less elongated and had a sig-
nificantly higher circularity as compared to the OC (Fig. 2c, 
d). In agreement, the Feret’s diameter and cell polarity index 
of the cells also decreased in the hyperglycemic condition 
when compared to the OC (Fig. 2e, f).

Effect of high glucose on osteoblast cells chemotaxis 
and associated signaling pathway

Chemotaxis is an essential characteristic of osteoblast cells 
due to which they migrate towards the growth factors and 
cytokines. As these are important components of serum, we 
carried out trans-well migration assays with serum supple-
mented (10% FBS) and serum depleted (0.5% FBS) conditions. 
MC3T3-E1 cells were plated with or without high glucose in 
the top well in 0.5% FBS media, and the bottom wells con-
tained either 0.5% or 10% FBS media. As expected, in osmotic 
control, the number of cells migrated was higher in the case 
of 10% FBS media as compared to 0.5% FBS media. Notably, 
the number of cells migrated in through the pores decreased in 
both serum supplemented, and serum depleted conditions in 
high glucose media compared to the respective OC. However, 
the decrease was more prominent and significant in 10% FBS 
(Fig. 3a, b). Furthermore, there was no significant difference 
in the cells migrated in the presence of 0.5% FBS and 10% 
FBS in case of high glucose. These results suggest that, in case 
of high glucose, the serum components might not be able to 
induce/reinforce migratory signals as it does in OC.

Next, to check whether the decrease in cell migration is asso-
ciated with the decline in the signaling pathways responsible, 
we performed western blotting. Akt and Erk are well-known 
regulators of cell motility [31–34]. High glucose exposure led 
to a decrease in Akt and Erk phosphorylation at least within 
6 h post-treatment, which normalized at later time points 
(Fig. 3c–e). Also, it was observed that the expression of matrix 

Fig. 1  High glucose increases 
MC3T3-E1 cell differentia-
tion and mineralization. a Fold 
change in cell proliferation as 
compared to OC1 after 24 h of 
high glucose exposure by BrdU 
cell proliferation ELISA. b 
Fold change in ALP activity as 
compared to OC1 after 72 h of 
high glucose exposure, assessed 
by colorimetric method. c 
Representative image for ALP 
staining after 9 days of treat-
ment. d Representative image 
for Alizarin red-stained cells 
after 18 days of treatment. OC1 
(osmotic control 1) contains 
5.55 mM of mannitol; OC2 
contains 11.1 mM mannitol; 
OC3 contains 22.2 mM of 
mannitol. Data are presented 
as mean ± S.E.M. (*P < 0.05, 
**P < 0.01 as compared to the 
respective osmotic control)
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Fig. 2  High glucose decreases 
osteoblast cell migration. a 
Representative images of wound 
healing assay for osmotic 
control (OC) and high glucose 
treated MC3T3-E1 cells at 0, 
6, and 18 h. b Quantification 
of the distance covered by cells 
at 6 and 18 h. c Representative 
phalloidin-stained images of OC 
and high glucose exposed cells 
(24 h) to show their morphol-
ogy. Quantification of the 
osteoblast cells d circularity, e 
Feret’s Diameter and f polarity 
index after 24 h of indicated 
treatments. Data are presented 
as mean ± S.E.M. (*P < 0.05 
as compared to the respective 
osmotic control)

Fig. 3  High glucose inhibits osteoblast cells chemotaxis and activa-
tion of migration-related signaling. a Representative images show-
ing the invasion of osteoblast cells in trans-well chambers car-
ried out after 6  h of the indicated treatment and b quantification of 
cells migrated to the lower side of the chamber through 8 µm filter. 
c Representative images for western blots for p-Akt, Akt, p-Erk, 

Erk, and MMP2, and quantification of the fold change in the ratio 
of d p-Erk/Erk, e p-Akt/Akt, f MMP2/β-Actin as compared to the 
osmotic control (OC) at indicated time points. Data are presented 
as mean ± S.E.M. (*P < 0.05 and ***P < 0.001 as compared to the 
respective osmotic control)
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metalloproteinase 2 (MMP2), a known promigratory protein, 
decreased with time under high glucose conditions (Fig. 3c, f).

Effect of high glucose on the expression 
and localization of Dynamin 2

Dynamin is a GTP hydrolase, whose inactivation is found to 
be associated with decreased cell migration and increased 
osteoblast differentiation and mineralization [35–38]. We 
observed a similar effect under high glucose conditions. 
Therefore to investigate further, we first compared the pro-
tein expression levels of dynamin 2 (Dyn-2) in high glucose 
exposed osteoblast cells as compared to OC. Western blot-
ting results showed no change in the protein expression of 
Dyn-2 at all the time points studied (Fig. 4a, b).

Then we checked if the high glucose conditions 
have affected the localization of Dyn-2 in the cells. 

Immunocytometry results showed that, after 24 h of glucose 
treatment, Dyn-2 was mostly localized in the perinuclear 
region in case of high glucose, compared to control cells, 
where it showed strong enrichment in the membrane exten-
sions towards the leading edge called lamellipodia (Fig. 4c). 
This differential localization of Dyn-2 indicated an aberra-
tion in its function when exposed to high glucose.

Effect of high glucose on mitochondrial biogenesis

Dynamin is also involved in mitochondrial biogenesis and 
fragmentation, which increases in the migrating cells. There-
fore, next we evaluated the effect of high glucose on mito-
chondrial fragmentation in the osteoblast cells.

Mitochondrial staining by Mitotracker green FM 
showed a decrease in the fragmented mitochondrial fila-
ments in high glucose treated cells at different time points 

Fig. 4  High Glucose leads to 
the perinuclear localization 
of Dynamin. a Representative 
image for western blots for 
Dynamin 2 and β-actin at 6, 12, 
and 18 h and b the quantifica-
tion of the same. c Confocal 
images for MC-3T3-E1 cells 
after 24 h treatment with 
OC and high glucose media 
showing DAPI staining (blue), 
Phalloidin FITC (green), Anti-
Dynamin 2 (red), and merged 
images. (Color figure online)
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as compared to OC (Fig. 5a). Further, we quantitated the 
number of fragmented (length less than 2.1 µm), intermedi-
ate (length between 2.1 and 8.9 µm), and fused (length more 
than 8.9 µm) mitochondria in both OC and high glucose 
exposed cells. The results showed a significant decrease in 
fragmented and increase in the intermediate and fused mito-
chondria in cells cultured in high glucose media as compared 
with OC (Fig. 5b).

To check whether this shift in the mitochondrial dynamics 
is due to increased fusion or decreased fission, we performed 
western blotting for Drp1 and Mfn2, which are responsible 
for fission and fusion, respectively. Results showed that the 
protein expression levels of Drp1 decreased after 6 and 12 h 
of high glucose treatment (Fig. 5c, d), while expression levels 
of Mfn2 did not change when compared to OC (Fig. 5c, e).

Discussion

Substantial evidence from human studies suggests that 
skeletal fragility is one of the severe comorbidities asso-
ciated with diabetes [1, 2]. However, results from the 

cell culture and animal studies provide wrangling results 
regarding skeletal health in hyperglycemia [17]. Specifi-
cally, results obtained from osteoblast cell culture stud-
ies under high glucose conditions are very contradicting. 
Most of the research evaluating the effect of high glucose 
on osteoblasts reported a decrease in their proliferation, 
differentiation, and mineralization [7, 8, 12, 13, 16]. How-
ever, these studies were carried out at a physiologically 
very high concentration of glucose (> 22 mM). Moreo-
ver, they also contradicted the clinical studies where indi-
viduals with type 2 diabetes mellitus possess either nor-
mal or higher BMD as compared to healthy individuals 
[6]. Studies done at comparatively lower concentrations 
(11 mM to 16.5 mM) showed completely opposite results 
where differentiation and mineralization of osteoblast 
increased under high glucose conditions [18–20]. In our 
studies also, we found that high glucose at 11.1, 16.6, and 
27.7 mM concentrations enhance osteoblast cell differ-
entiation and mineralization, whereas only at 27.7 mM 
concentration proliferation of osteoblast cells decreases. 
Also, it is noteworthy, that at 27.7 mM glucose concentra-
tion, the increase in differentiation and mineralization is 

Fig. 5  High glucose results in a reduction of mitochondrial biogen-
esis. a Representative live-cell fluorescent images of mitochondria, 
stained with mitotracker green at 6, 12, and 24 h. b Quantification of 
the total number of fused, intermediate, and fragmented mitochon-
dria in osmotic control (OC) and hyperglycemic condition, n ≥ 60. c 

Representative western blot images for Drp1 and Mfn2. Quantifica-
tion of d Drp1/β-Actin and e Mfn2/ β-Actin. Data are presented as 
mean ± S.E.M. (*P < 0.05, **P < 0.01 and ***P < 0.001 as compared 
to the respective osmotic control)
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not as pronounced as it is at lower concenterations. This 
suggests that glucose increases the proliferation and dif-
ferentiation of pre-osteoblasts at physiologically relevant 
glucose levels in diabetic conditions, however, at higher 
concentrations it has a negative effect. Nevertheless, these 
results don’t explain why skeletal fragility increases in 
physiologically relavent hyperglycemia.

To better understand the effect of high glucose on osteo-
blast cell functions and skeletal fragility in type 2 diabe-
tes, we decided to investigate the effect of physiologically 
relevant levels of glucose in diabetic conditions (11.1 mM) 
on osteoblast cells. One of the essential functions of pre-
osteoblast cells during bone remodeling is to migrate to the 
site of bone erosion, differentiate and mineralize to fill the 
resorption pit [39]. As high glucose was increasing the oste-
oblast cell differentiation and mineralization, which cannot 
be the reason for increased bone fragility, we next checked 
its effect on osteoblast cell migration. In the wound heal-
ing assay, there was no difference in the distance covered 
between OC and normal glucose control (without manni-
tol media; Supplementary Fig. 1). However, high glucose 
exposure decreased osteoblast cell migration, which is a 
novel observation not reported earlier. The establishment 
of cell polarity is an essential hallmark of migrating cells. 
Migrating cells tend to lose their circularity and elongate to 
adhere to the Extracellular matrix (ECM) [38]. Thus, cell 
shape descriptors significantly correlate to the cell migratory 
behavior [39]. In our results, we found that the cells exposed 
to hyperglycemic media were more circular and less polar 
than the cells in osmotic control media. These characteris-
tics, which are the hallmark of non-migrating cells strength-
ened our observation of reduced migration of pre-osteoblasts 
under high glucose conditions. Moreover, most of the cells 
in high glucose condition had smaller lamellipodia unlike 
those observed in the OC. Interestingly, we also found that 
the difference in the invasion of cells cultured in high glu-
cose versus control condition was more pronounced when 
they had to migrate towards chemoattractants present in 
the media supplemented with 10% FBS as compared to the 
serum depleted media. Moreover, the total number of cells 
migrated in serum-depleted control media was equivalent 
to the cells migrated in serum supplemented high glucose 
media. Serum is a source for growth factors, chemokines, 
hormones, and other nutrients which stimulates migration. 
This observation suggests that the cells cultured in hypergly-
cemic media were not able to respond to growth factors and 
chemokines required for migration. Overall, these results 
suggested that hyperglycemia results in aberrant migration 
and chemotaxis in osteoblast cells.

MAP kinase and PI3 kinase are two prominent sign-
aling pathways activated during cell migration [40–42]. 
While MAP kinase activation results in the phosphoryla-
tion of Erk, P38, or JNK, PI3 kinase activation induces 

Akt phosphorylation [43]. Activation of these signaling 
pathways results in the reorganization of cytoskeleton and 
adhesion complexes, which enable cell movement [31, 32]. 
As compared to OC, we observed no change in the phospho-
rylation of P38 and JNK (Supplementary Fig. 2) in osteo-
blast treated with high glucose at various time points. How-
ever, there was a decrease in the phosphorylation of Erk 
when osteoblast cells were exposed to high glucose media. 
Similarly, Akt phosphorylation was also reduced under high 
glucose conditions. Further, MMP2, a known promigratory 
gene whose upregulation leads to increased cell migration 
and its inhibition is known to reduce migration and invasion 
[33, 34], also decreased over time in hyperglycemia.

Dynamin is a GTP hydrolase, which is involved in sev-
eral cellular processes such as endocytosis [44, 45], actin 
remodeling [46], and migration [47]. Recently, a study from 
Pierre et al. showed that ablation of Dyn-2 levels and activ-
ity in osteoblast cells results in decrease in its migration and 
increase in its differentiation [38]. These results were similar 
to our results. Therefore, to evaluate whether there is any 
role of Dyn-2 in the reduced migration of osteoblast cells in 
hyperglycemia, we checked its protein levels in osteoblast 
cells. Western blotting results showed no difference in the 
protein levels of Dyn-2 between high glucose and OC osteo-
blasts. However, immunocytometry results revealed that 
while Dyn-2 in the control cells was localized both in lamel-
lipodia as well as around nucleus, the cells cultured in high 
glucose had its localization only in the perinuclear region. 
Dyn-2 is a known regulator of clathrin-mediated endocyto-
sis, and it also stabilizes actin assembly at the filopodia [48]. 
Hence, it might be affecting the endocytotic machinery and 
actin assembly in the osteoblast cells to reduce their migra-
tion. Also, Dyn-2 is involved in mitochondrial fission along 
with other accessory proteins [49]. Recent evidence suggests 
that mitochondrial fission is a prerequisite for cell migration 
[50–52], and faster-migrating cells contain higher number 
of fragmented mitochondria [51, 52]. Mitochondrial fission 
allows the cells to generate the energy needed for their move-
ment. As Dyn-2 function was affected by high glucose, its 
effect on mitochondrial dynamics was evaluated. We found 
that OC osteoblast cells had more fragmented mitochondria, 
whereas cells cultured under a hyperglycemic environment 
had fused mitochondria. Importantly, mitochondrial DNA 
to nuclear DNA ratio also decreased in the cells exposed to 
high glucose (Supplementary Fig. 3), indicating a reduction 
in mitochondrial biogenesis. Drp1 is another dynamin fam-
ily protein, which along with Mfn2 maintains mitochondrial 
dynamics in the cells. While Drp1 drives mitochondrial bio-
genesis/fission, Mfn2 induces fusion of mitochondria [36, 
37]. Western blot analysis showed a decrease in Drp1 expres-
sion in high glucose treated cells when compared to OC. 
Notably, there was no change in the expression of Mfn2, indi-
cating defective mitochondrial biogenesis without any change 
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in the regulation of mitochondrial fusion. These results were 
in agreement with the previously published report where 
silencing of drp1 in cancer cells showed a reduction in their 
migratory potential [36]. Further research in this direction 
is required to shed more light on how high glucose changes 
Drp1 levels in the osteoblast cells. Moreover, coupling of 
Dyn-2 with Drp1 can also be studied in more detail.

In conclusion, here in this study, we have reported for the 
first time that high glucose induces a reduction in the migra-
tory potential and chemotaxis of the pre-osteoblast cells. 
This reduction in migration is due to a decrease in mitochon-
drial biogenesis owing to the aberration in Dyn-2 localiza-
tion and reduced Drp1 levels. These results unravel a new 
mechanism that could explain the mechanism behind lower 
rates of fracture healing in diabetic microenvironment. As 
hyperglycemia increases matrix mineralization but decreases 
osteoblast movement, it also explains the skeletal fragility 
observed in the type 2 diabetics even when their BMD is 
equivalent or higher than healthy subjects.
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