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Abstract

Osteoblast dysfunction, induced by oxidative stress, plays a critical role in the pathophysiology of 

osteoporosis. However, the underlying mechanisms remain unclarified. Imbalance of 

mitochondrial dynamics has been closely linked to oxidative stress. Here, we reveal an unexplored 

role of dynamic related protein 1(Drp1), the major regulator in mitochondrial fission, in the 

oxidative stress-induced osteoblast injury model. We demonstrate that levels of phosphorylation 

and expression of Drp1 significantly increased under oxidative stress. Blockade of Drp1, through 

pharmaceutical inhibitor or gene knockdown, significantly protected against H2O2-induced 

osteoblast dysfunction, as shown by increased cell viability, improved cellular alkaline 

phosphatase (ALP) activity and mineralization and restored mitochondrial function. The protective 

effects of blocking Drp1 in H2O2-induced osteoblast dysfunction were evidenced by increased 

mitochondrial function and suppressed production of reactive oxygen species (ROS). These 

findings provide new insights into the role of the Drp1-dependent mitochondrial pathway in the 

pathology of osteoporosis, indicating that the Drp1 pathway may be targetable for the development 

of new therapeutic approaches in the prevention and the treatment of osteoporosis.
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1. Introduction

Osteoporosis is one of the most prevalent degenerative diseases affecting elderly people 

[1,2] and is characterized by low bone mass, altered bone microarchitecture and increased 
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risk of fracture [1,2]. Multiple factors have been implicated in the development of 

osteoporosis, including gender, age, body weight, sustained glucocorticoid therapy and 

endocrinological disorders [1,3]. Recently, the “estrogen-centric” account of pathogenesis 

has been supplanted by an account where oxidative stress is recognized as a protagonist in 

the development of osteoporosis [4]. The detailed mechanisms by which oxidative stress 

affects bone property are not well understood [5].

Osteoblasts are responsible for bone formation, whilst osteoclasts participate in bone 

resorption. Conditions such as osteoporosis are associated with significant changes in bone 

turnover: bone formation decreases whilst bone resorption increases or remains the same, 

resulting in net bone loss [6,7]. Increasing evidence has demonstrated that insufficient 

osteogenesis resulting from oxidative stress-induced osteoblast dysfunction is an important 

cause of bone loss in the pathology of osteoporosis [8,9]. Moreover, increased oxidative 

stress may contribute to the inhibition of osteoblast differentiation [10] and proliferation [11] 

or the induction of cell death [12,13]. The specific mechanisms and key players by which 

oxidative stress induces osteoblast dysfunction need to be further elucidated.

Oxidative stress, resulting from excessive generation of reactive oxygen species (ROS), 

could damage all cellular components [14]. Mitochondria are the main source of ROS and 

also the principal target of ROS attacks. The damaged mitochondria accumulate under 

conditions of oxidative stress, suggesting that maintaining a pool of healthy mitochondria is 

crucial for protecting against pathological conditions including Alzheimer’s disease (AD) 

[15] and diabetes [16]. Furthermore, mitochondria are dynamic organelles, which undergo 

continuous fission and fusion. A line of evidence demonstrated that ROS production is 

correlated with increased fission [17–22]. In these settings, oxidative stress is causative for 

mitochondrial fragmentation; therefore, fission might represent a strategy to cope with 

oxidative stress. However, under hyperglycemic conditions such as those present in diabetes, 

mitochondria undergo Drp1-dependent fission, resulting in increased ROS release and 

production, suggesting that fission also contributes to ROS-mediated cellular perturbation 

[23]. In our previous study, we demonstrated that the treatment with antioxidant protects 

against AD-induced mitochondrial fission-fusion imbalances, while blockade of the 

mitochondrial fission protein Drp1 by a genetic manipulation or pharmacological inhibition 

effectively attenuates the effect of oxidative stress in AD cybrid cells [20,21]. These studies 

indicate the role of Drp1 in the oxidative stress-induced cellular perturbation and injury and 

preset Drp1as a potential novel therapeutic target for prevention or treatment of oxidative 

stress-related diseases. So far, it is unknown whether mitochondrial fusion and fission events 

are involved in the process of osteoblast dysfunction insulted by oxidative stress and whether 

blockade of Drp1prevents or rescues osteoblast dysfunction-induced by oxidative stress. The 

present study is to investigate the effect of Drp1 on oxidative stress-induced osteoblast 

function in a human osteoblast cell model. The outcome of the results will deepen our 

understanding of the impact of Drp1-related perturbations on mitochondrial function and 

add to the body of literature on Drp1-dependent mechanisms underlying oxidative stress–

mediated cell injury relevant to osteoblast structure and function.
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2. Material and methods

2.1. Cell culture

Human Sao-2 cells (obtained from ATCC) were cultured in α-minimum essential medium 

(α-MEM), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin 

streptomycin in 5% CO2 at 37 °C. This basic medium was replenished twice a week. For 

induction of osteogenetic differentiation, β-glycerophosphate (5 mM) and ascorbic acid (100 

μg/mL) were added to basic culture medium.

2.2. Cell treatment

Drugs were prepared as stock solutions and were diluted to a final concentration 

immediately before use. Final concentration and sources of the drugs were as follows: H2O2 

(100 μM) mdivi-1 (10 μM). The final concentration of vehicle control dimethyl sulfoxide 

(DMSO) was less than 0.5% in all experiments. Cells were treated with or without H2O2 and 

specific inhibitors for various times in the basic medium or differentiation medium. On the 

other hand, cells were transfected with plasmids containing GFP-tagged Drp1 K38A 

(provided by Dr. Yi-Ren Hong, Kaohsiung Medical University Hospital, Taiwan) or empty 

control vectors using Lipofectamine 2000 (Invitrogen) according to manufacturer’s 

instructions. To knockdown expression of Drp1, cells were transfected with siRNA targeting 

human Drp1 or control siRNA using Oligofectamine. After transfection, the efficiency was 

evaluated by immunoblotting of Drp1 protein and cells were treated with the indicated 

reagents and assessed for changes in viability and osteoblast function.

2.3. Cell viability assay

Osteoblasts were plated at 104 cells/well in 96-well plates and cultured under variable 

conditions as indicated. Cell viability assay at different periods of time (24, 48, 96 h) was 

conducted by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide method. 

In brief, osteoblasts in 96 well plates were washed twice with 0.01 M PBS, and then 

incubated in 100 μl of FBS-free α-MEM supplemented with 10 μl of 5 mg/ml MTT solution 

at 37 °C. After 4 h incubation, the supernatant was carefully removed, and the crystals were 

dissolved by incubation with 150 μl of DMSO for 20 min. The plates were shaken for 15s 

and then absorbance at 570 nm was measured in a micro plate reader (Molecular device).

2.4. Alkaline phosphatase (ALP) activity assay and ALP staining

The osteoblasts were seeded at 105 cells/well in 12-well plates and stimulated with 

differentiation medium for 1 week. The cells were then serum-deprived overnight and 

incubated with indicated reagents for 3 days. ALP activity in the cell lysate was assayed at 

the end of the incubation time with 10mMp-nitrophenyl phosphate in 0.15 M sodium 

carbonate buffer (pH 10.3) and 1 mM MgCl2 as described. The enzyme activity was 

normalized against the cellular protein concentration and expressed as U/g protein. Protein 

concentration was determined using Bradford protein assay.

ALP staining was performed by a standard protocol. In brief, cells cultured on glass slides 

were fixed with 4% PFA and subjected to ALP staining using ALP kit according to the 

manufacture’s instruction.
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2.5. Mineralization assay

Cells were seeded at 105 cells/well in 12-well plates and were stimulated with osteogenic 

differentiation medium with indicated reagents for 3 weeks. The medium was replenished 

twice a week. To detect calcification, cells were fixed with 4% PFA and stained with 

Alizarin red according to the manufacture’s instruction.

2.6. Protein extraction and Western blot analysis

Osteoblasts cultured in different conditions were lysed with RIPA buffer. Proteins were 

electrophoresis by SDS-PAGE and transferred to membrane. Anti-phospho-Drp1 (1:3000, 

cell signaling), anti-Drp1 (1:3000, BD Science) and anti-β-actin (1:5000, Sigma) were used 

as primary antibodies. The binding sites of primary antibody were visualized with 

horseradish peroxidase-conjugated anti-rabbit IgG antibody (1:5000, Invitrogen) or anti-

mouse IgG antibody(1:5000, Invitrogen), followed by the addition of ECL substrate. The 

immunoreactive band relative to optical density was determined by using NIH Image J 

software (public domain) and normalized with β-actin levels.

2.7. Mitochondrial respiratory enzyme activity measurement

Mitochondrial respiration complex activity was measured in osteoblast homogenates 

according to our previous studies [15,16]. In brief, osteoblast cultures in six well plates were 

washed with ice-cold PBS, harvested, centrifuged, and suspended in 50 μl of isolation buffer 

(225 mM D-mannitol, 75 mM sucrose, 2 mM K2HPO4, 5 mM HEPES, pH 7.2). 10–50 μg 

mitochondrial fractions were used for complex activity assay. Enzyme activities of complex 

I (NADH ubiquinone oxidoreductase), complex III (ubiquino cytochrome C 

oxidoreductase), and complex IV (cytochrome C oxidase, or CcO) were determined as 

described.

2.8. Functional image assay

Osteoblasts were seeded in chamber slides at a density of 104 cells/well. Cells were treated 

with/without H2O2, mdivi-1 for 1 h. To detect mitochondrial superoxide production, 

utilization of Mitosox Red, a unique fluorogenic dye used for a highly selective detection of 

superoxide production in the mitochondria of live cells was chosen. Cells were incubated 

with fresh basic medium containing 2.5 μM Mitosox for 30 min.

Mitochondria were labeled with Mitotracker Red (Molecular Probes, incubated in 100 nM 

Mitotracker Red for 30 min at 37 °C before fixation to visualize morphology. Images were 

captured under a confocal microscope (Leica TCS SPE). Excitation wavelengths were 543 

nm for Mitosox, TMRM or Mitotracker Red, and 488 nm for MTGreen, respectively. Post-

acquisition processing was performed with MetaMorph (Molecular Devices) and NIH Image 

J software for quantification and measurement of fluorescent signals of mitochondrial length 

and occupied area. Mitochondrial size, density, and fluorescent intensity were quantified by 

an investigator blinded to experimental groups. More than 100 clearly identifiable 

mitochondria from 10 to 15 randomly selected cells per experiment were measured in 3 

independent experiments.
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2.9. Statistical analysis

Data are presented as mean ± SEM (the standard error of the mean). Statistical analysis was 

performed using Statview software (SAS Institute, Version 5.0.1). Differences between 

means were assessed by Student’s t-test or one-way analysis of variance (ANOVA) with 

Fisherposthoc test. P < 0.05 was considered significant.

3. Results

3.1. Oxidant (H2O2)-induced osteoblast dysfunction

We found that H2O2 treatment at a concentration of 100 μM induced oxidative stress and 

cellular dysfunction. Therefore, we used this model in the following experiment. Compared 

with the vehicle-treated control group, treatment with H2O2 significantly decreased cell 

viability of osteoblasts in a time-dependent manner (Fig. 1A). Cellular ALP activity (Fig. 

1B), expression of ALP (Fig. 1C), and mineralization (Fig. 1D) were also significantly 

suppressed by H2O2 treatment. These results are consistent with the previous observation 

that H2O2 toxicity leads to osteoblast dysfunction.

3.2. Oxidant (H2O2) mediated mitochondrial dysfunction

Mitochondria are a major source of ROS generation and H2O2 treatment has served as 

classical oxidative stress model. Therefore, we evaluated whether increased oxidative stress 

exacerbated mitochondrial dysfunction by examining mitochondrial ROS and key enzyme 

activity associated with mitochondrial respiratory function. Using highly selective 

fluorescent dye (Mitosox) to detect mitochondria-derived ROS, we observed that the 

intensity of Mitosox staining was significantly increased in osteoblasts treated with H2O2 

(Fig. 1E–F), suggesting that H2O2 induced high levels of ROS within the mitochondria of 

osteoblasts.

Oxidative phosphorylation enzyme complexes play the essential roles in physiological 

mitochondrial functions; thus, the key enzymes associated with respiratory chains were 

evaluated in this study. Compared to the control group, the presence of H2O2 significantly 

decreased the activity of complex III and IV (Fig 1. G–H).

3.3. H2O2 caused osteoblast mitochondrial fragmentation

In view of increased mitochondrial ROS in H2O2-treated osteoblasts, the important 

contribution of oxidative stress to mitochondrial dysfunction, and abnormal changes in 

mitochondrial structure, we next determined if oxidative stress affects mitochondrial 

morphology and fission/fusion dynamics in the osteoblast oxidative stress model. 

Morphologically, mitochondria in the control group were rod-like or elongated and regularly 

distributed, whereas mitochondria were fragmented, misshapen, bleb-like and collapsed 

away from the mitochondrial network in the oxidative stress model (Fig. 1I). Compared with 

the control group, mitochondrial density and length significantly decreased in the presence 

of H2O2 (Fig. 1J–K).

Given that imbalance of mitochondrial fission and fusion plays a critical role in the 

maintenance of mitochondrial morphology, distribution and function, we next investigated if 
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mitochondrial dynamics were altered in the oxidative stress model. Phosphorylation of 

Ser616 on Drp1 is critical for mitochondrial fission [16]. We observed an increase in Ser616 

phosphorylation in parallel with increased total Drp1 expression in osteoblasts treated with 

H2O2 (Fig. 1L–N). These results suggest increased mitochondrial fission occurs in 

osteoblasts insulted by oxidative stress, which may subsequently impair mitochondrial 

morphology and function.

3.4. Inhibiting excessive mitochondrial fission restores mitochondrial morphology and 
function

We evaluated whether inhibition of excessive mitochondrial fission via targeting Drp1, a key 

protein controlling mitochondrial fission, protected against oxidative stress-induced aberrant 

mitochondrial morphology and function. Treatment with mdivi-1, a selective inhibitor of 

Drp1 activity, significantly increased mitochondrial length and density in osteoblasts, as 

compared to vehicle-treated control osteoblasts (Fig. 2A–C). Furthermore, genetic 

inactivation of Drp1 with dominant-negative Drp1 (DN-Drp1) (Fig. 2D–F) or knockdown of 

Drp1 with siRNA-Drp1 (Fig. 2G–I) also protected mitochondrial morphology and dynamics 

from the adverse effect of H2O2. In the area of mitochondrial function, as shown in Fig. 3, 

treatment with mdivi-1 significantly suppressed ROS production (Fig. 3A–B). Consistent 

with these results, the addition of mdivi-1, inactivation of Drp1 and knockdown of Drp1 

enhanced complex III (Fig. 3C–E) and CcO activity (Fig. 3F–H). These results indicate that 

Drp1-mediated excessive mitochondrial fission potentiates osteoblast mitochondria 

abnormalities under oxidative stress.

3.5. Drp1 inhibition restores osteoblast function

Next, we evaluate whether oxidative stress-induced alterations in mitochondrial fission and 

function interfere with osteoblast function. The addition of mdivi-1 significantly increased 

ALP activity (Fig. 4A and C) and bone node formation (Fig. 4B), as compared with the 

vehicle-treated control in the presence of H2O2. Furthermore, genetic knockdown of Drp1 

significantly enhanced ALP activity, as compared with cells treated with control siRNA 

treatment (Fig. 4D). These data demonstrate that blockade of Drp1 attenuates oxidative 

stress-induced osteoblast dysfunction.

4. Discussion

Although oxidative stress induced osteoblast dysfunction is recognized as a crucial initiating 

factor in the development and progression of osteoporosis, the underlying mechanisms are 

not well understood [24]. Multiple lines of evidence suggest that alterations in mitochondrial 

dynamics are closely linked to oxidative stress [25–27], however, few studies have been 

conducted to investigate these links as related to osteoblast dysfunction induced by oxidative 

stress. In the present study, we investigate the effect of Drp1, a major fission generator, on 

oxidant-induced osteoblast dysfunction. The results revealed that Drp1 is involved in 

oxidative stress-induced mitochondrial dysfunction, leading to osteoblast injury. Blockade of 

Drp1 protects against oxidative stress-induced deleterious effects on cell survival, 

mitochondrial function, osteogenic formation, osteoblast differentiation. Our current study 
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reveals the role of Drp1 in oxidative stress-induced osteoblast dysfunction, which may 

contribute to the development and progression of osteoporosis.

In the present study, the viability of osteoblasts was significantly reduced under H2O2 

treatment, which became more obvious with increasing exposure time. Moreover, oxidative 

stress not only affects cell viability, but it also affects differentiation, as seen in the results of 

the ALP activity test and calcium mineralization investigation. These results were consistent 

with previous reports that age-related bone loss in humans and animals is due mainly to a 

deficit in osteoblasts resulting from the reduced osteoblast ogenesis or increased apoptosis 

relevant to increased oxidative stress [28].

Given that the imbalance of mitochondrial fission and fusion plays a critical role in 

maintenance of mitochondrial morphology, distribution and function, we investigated if 

mitochondrial dynamics were altered in the process of oxidative stress-induced osteoblast 

dysfunction and we assessed the link between oxidative stress and changes in mitochondrial 

dynamics. Obviously, treatment with H2O2 resulted in more fragmentation of mitochondria 

in osteoblasts, in addition to an increase in Ser616 phosphorylation and total of Drp1 

expression levels. Notably, blockade of Drp1to inhibit oxidative stress-induced excessive 

mitochondrial fission significantly suppressed oxidative stress-induced reduction in their 

osteogenic differentiation ability, as demonstrated by preserved ALP activity and formation 

of mineralized nodules upon oxidative stress condition. These results suggest that Drp1-

dependent fission is involved in oxidative stress-induced mitochondrial perturbation 

contributing to osteoblast dysfunction. The detailed mechanisms underlying Drp1-involved 

osteoblast function, including bone mineralization, formation, and differentiation, requires 

further investigation.

Mitochondria are now recognized as unique and irreplaceable organelles in eukaryotic cells, 

which not only act as a power plant for energy production, but also play important roles in 

cell death, function, and survival [29]. In osteoblasts, mitochondria are specialized for 

calcium transport and are important in the calcification of the extracellular matrix [30]. 

Moreover, mineral formation has been demonstrated in matrix vesicles and within 

mitochondria. Release of mitochondrial calcium occurs concomitantly with mineral ion 

loading of matrix vesicles at the onset of mineralization. Mitochondrial respiratory chain 

complexes also regulate mineralization [31]. Therefore, mitochondrial dysfunction in 

osteoblasts is directly or indirectly implicated in osteoporosis. In the oxidative stress model 

we used, we clearly found that the mitochondrial membrane potential and respiratory chain 

complex activity were significantly reduced in conditions where production of mitochondrial 

ROS was significantly up-regulated. This result is consistent with that from a previous study 

using MC3T3-E1 osteoblasts, where complex IV activity was reduced [32]. Furthermore, to 

determine whether mitochondrial fission is required for activation-induced ROS generation 

in osteoblasts, we examined the effect of Drp1 inhibition using a pharmacological Drp1 

inhibitor (mdivi-1). Pretreatment with mdivi-1 significantly suppressed mitochondrial ROS 

accumulation and production, suggesting anti-oxidant properties for mdivi-1, which might 

explain (to a certain degree) the protective effects of Drp1 inhibition on H2O2-induced 

reduction of osteogenic differentiation and mineralization potentials. The oxidative stress-
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induced mitochondrial defects were also reversed by the introduction of DN-Drp1 and 

siRNA-mediated down regulation in addition to mdivi-1.

As stated above, mitochondrial function is relevant to osteoblast function including 

proliferation and differentiation. Drp1 inhibition attenuated abnormal mitochondrial 

morphology and improved mitochondrial function, which protected osteoblasts from 

oxidative stress injury. Furthermore, mitochondrial dysfunction has been linked to oxidative 

stress and blockade of Drp1 by pharmaceutical inhibitors or genetic knockdown of 

Drp1rescued mitochondrial dysfunction in osteoblasts, which further reduced ROS 

production. Taken together, our data support that Drp1 plays a critical role in the 

mitochondrial dynamic imbalance resulting from insults by oxidative stress in osteoblasts. 

The protective effect of Drp1 inhibition in an oxidative stress-mediated cellular injury model 

suggests that Drp1 may represent a potential and novel target for osteoporosis.

5. Conclusion

The present study demonstrated that oxidative stress induces osteoblast dysfunction via the 

Drp1-dependent pathway. Blockade of excessive mitochondrial fission attenuates oxidative 

stress-mediated osteoblast injury (Fig. 4E). Thus, targeting Drp1 may be a significant novel 

therapeutic strategy for osteoporosis.
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Fig. 1. 
H2O2 induced osteoblast dysfunction. (A) Cell viability determined by MTT reduction in 

osteoblasts in the presence of H2O2. (B) ALP activity tested in osteoblasts as indicated 

groups. Data are expressed as fold increase relative to vehicle-treated cell. (C) ALP and (D) 

Alizarin red staining of osteoblasts in the indicated treatment groups. (E) Representative 

images with Mitosox staining. Mitogreen staining was used to show mitochondria (Scale bar 

= 10 μm). (F) Quantification of staining intensity for Mitosox staining. CcO activity (G) and 

Complex III activity (H) were measured in the indicated groups of cells. (I) Representative 

images for Mitotracker red staining to reveal mitochondrial morphology. The middle panel is 

a larger image corresponding to the indicated image on the left and right one (Scale bar = 5 

μm). (J–K) Quantification of mitochondrial morphology in regard to mitochondrial length 

(J) and density of area occupied by mitochondria (K). (L) Representative immunoblots of 

phospho-Drp1 (p-Drp1) and total Drp1 (Drp1).(E–F) Quantification of immunoreactive 

bands for p-Drp1 relative to Drp1(M), Drp1 relative to β-actin(N) in osteoblast in the 

presence of H2O2 or vehicle treatment using NIH Image J software. Date are expressed as 

fold increase relative to vehicle treated cell.
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Fig. 2. 
Drp1 inhibitor and Drp1 deficiency attenuated H2O2-induced osteoblast mitochondrial 

fragmentation. (A) Representative images with Mitotracker staining (Scale bar = 10 μm) of 

osteoblast treated with H2O2 with or without mdivi-1. (B–C) Quantification of 

mitochondrial morphology in regard to mitochondrial length (B) and density (C). (D) 

Representative images with Mitotracker staining (Scale bar = 10 μm) of osteoblast 

transfected with DN Drp1 and vector GFP. (E–F) Quantification of mitochondrial 

morphology including mitochondrial length (E) and density (F). (G) Representative images 

with Mitotracker staining (Scale bar = 10 μm) of osteoblast transfected with Drp1 siRNA 

and control siRNA. (H–I) Quantification of mitochondrial morphology including 

mitochondrial length (H) and density (I). Data are expressed as fold increase relative to 

vehicle treated cell.
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Fig. 3. 
Drp1 inhibitor and Drp1deficiency attenuated H2O2-induced osteoblast mitochondrial 

dysfunction. (A) Representative images with Mitosox staining (Scale bar = 10 μm). 

Mitotracker staining was used to show mitochondria. Quantification of staining intensity for 

Mitosox (B) in the indicated groups of cells using NIH Image J software. Data are expressed 

as fold increase relative to vehicle treated cell. Complex III (C–E) and CcO (F–H) activity 

were measured in the indicated groups of cells. Data are expressed as fold increase relative 

to vehicle-treated cells.
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Fig. 4. 
Drp1inhibitor and Drp1 deficiency attenuated H2O2-induced osteoblast dysfunction. (A) 

ALP and Alizarin red staining (B) of osteoblast in indicated treatment groups. (C–D) ALP 

activity was measured in osteoblast as the indicated groups. Data are expressed as fold 

increase relative to vehicle treated cell. (E) Working hypothesis: oxidative stress induces an 

increase in phosphorylation of Drp1 leading to mitochondrial dysfunction, which contributes 

to osteoblast dysfunction.
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