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A B S T R A C T   

Bone remodelling is the process of bone resorption and formation, necessary to maintain bone 
structure or for adaptation to new conditions. Mechanical loadings, such as exercise, weight 
bearing and orthodontic force, play important roles in bone remodelling. During the remodelling 
process, osteocytes play crucial roles as mechanosensors to regulate osteoblasts and osteoclasts. 
However, the precise molecular mechanisms by which the mechanical stimuli affect the function 
of osteocytes remain unclear. In the present study, we analysed viability, cell cycle distribution 
and gene expression pattern of murine osteocyte-like MLO-Y4 cells exposed to tension force (TF). 
Cells were subjected to TF with 18% elongation at 6 cycles/min for 24 h using Flexcer Strain Unit 
(FX-3000). We found that TF stimulation induced cell cycle arrest at G2/M phase but not cell 
death in MLO-Y4 cells. Differentially expressed genes (DEGs) between TF-stimulated and unsti-
mulated cells were identified by microarray analysis, and a marked increase in glutathione-S- 
transferase α (GSTA) family gene expression was observed in TF-stimulated cells. Enrichment 
analysis for the DEGs revealed that Gene Ontology (GO) terms and Kyoto Encyclopedia Genes and 
Genomes (KEGG) pathways related to the stress response were significantly enriched among the 
upregulated genes following TF. Consistent with these results, the production of reactive oxygen 
species (ROS) was elevated in TF-stimulated cells. Activation of the tumour suppressor p53, and 
upregulation of its downstream target GADD45A, were also observed in the stimulated cells. As 
GADD45A has been implicated in the promotion of G2/M cell cycle arrest, these observations may 
suggest that TF stress leads to G2/M arrest at least in part in a p53-dependent manner.   

1. Introduction 

Bone remodelling is the process of bone resorption and formation, which is necessary for maintenance of bone structure and 
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adaptation to new conditions [1]. Mechanical loading plays important roles in bone remodelling. For example, orthodontic force 
induces bone resorption on the compression side of alveolar bone and bone formation on the tension side, resulting in tooth movement 
[2,3]. Osteocytes have been known to play important roles including recruitment and activation of osteoblasts and osteoclasts in bone 
remodelling processes [4]. Osteocytes, which are embedded in the bone lacunae, comprise more than 90% of the cellular components 
of the mature bone [5]. Previous studies revealed that osteocytes are the main mechanosensory cells in bone, translating mechanical 
strain into regulatory signals in osteoblasts and osteoclasts [6,7,8,9]. 

Osteocytes located in the bone tissues are exposed to various forces, including gravity, fluid shear stress (FSS), compressive and 
tension stresses [10]. Among them, many of studies have focused on FSS, which is generated from the interstitial fluid flow in the 
lacuno-canalicular system (LCS) [11]. Cultured osteocytes were reported previously to show increases in intracellular Ca2+ level [12], 
ATP release [13] and production of prostaglandin E2 [13] and nitric oxide (NO) [14] in response to FSS, which were suggested to play 
roles in the propagation of mechanical stimuli to neighbouring osteocytes [5] and also to affect the function of both osteoblasts and 
osteoclasts [15]. 

In addition to FSS, other types of mechanical stress, such as compressive and tension stresses, influence gene expression pattern 
and/or the secretion of bioactive factors by osteocytes, thereby affecting the function of the surrounding cells including osteoblasts, 
osteoclasts and periodontal ligament (PDL) cells. For example, it has been shown that compression force suppresses, while tension 
force (TF) induces WNT1 expression in MLO-Y4 murine osteocyte-like cells. Intriguingly, sclerostin secreted by MLO-Y4 cells atten-
uated the induction of WNT1 mRNA in PDL cells [16]. It has also been reported that TF promotes autophagy in osteocytes both in vitro 
and in vivo, and autophagy was shown to induce secretion of the osteogenic cytokine, fibroblast growth factor 23 (FGF23), resulting in 
enhancement of osteoblast viability [17]. Using a 3D compression culture model, Zarka et al. demonstrated that mechanical stress 
promoted nuclear translocation of YAP/TAZ and induced expression of their target genes, such as M-csf and Cxcl1 in MLO-Y4 cells 
[18]. Recent studies identified the microRNAs (miRs) secreted from osteocytes following exposure to tension stress, and miR-29b-3p 
and miR181b-5p were shown to be involved in the negative regulation of osteoblast differentiation [19] and PDL stem cell prolifer-
ation [20], respectively. 

Although these findings provide some insight into how osteocytes can regulate the function of the cells involved in bone ho-
meostasis and bone remodelling, it remains elusive whether mechanical stress affects the viability and cellular function of osteocytes. 
FSS promotes survival of osteocytes through the inhibition of cell death, which is mediated by nitric oxide [14]. Alternatively, Zhang 
et al. reported that FSS increases the viability of MLO-Y4 cells through the induction of autophagy and ATP release [21]. In contrast, Yu 
et al. showed that FSS promoted cell death of osteocytes by plasma membrane disruption (PMD) [22]. However, the effects of tension 
and compression stresses on the function of osteocytes are still unclear. 

In the present study, MLO-Y4 murine osteocyte-like cells were exposed to TF and their reactions were examined partly based on 
gene expression profiling. We found that TF stimulation arrested the cell cycle at G2/M in MLO-Y4 cells, and the gene expression 
profile showed that the stimulation induced stress response genes. Consistent with this observation, production of reactive oxygen 
species (ROS) was increased in response to TF stimulation. 

2. Materials and methods 

2.1. Cells and culture conditions 

Murine osteocyte-like cells, MLO-Y4, were kindly provided by Dr. Yuko Takagaki (Kanagawa Dental University, Kanagawa, Japan). 
Cells were cultured in MEM-α medium (Fujifilm Wako Chemicals, Kanagawa, Japan) supplemented with 5% heat-inactivated foetal 
bovine serum (FBS; Nichirei Bioscience, Tokyo, Japan), 5% heat-inactivated calf serum (CS; Sigma-Aldrich, St. Louis, MO, USA), 100 
IU/ml of penicillin (Thermo Fisher Scientific, Waltham, MA, USA) and 100 μg/ml of streptomycin (Thermo Fisher Scientific). Cells 
were maintained at 37 ◦C in an incubator under an atmosphere of 95% air and 5% CO2. 

2.2. Mechanical loading 

MLO-Y4 cells were seeded into 6-well flexible-bottom plates (Flexcell International Corp., Burlington, NC, USA) at 4 × 104 cells/ 
well and cultured for 24 h. Cells were stimulated with tension force (TF) using a Flexcell Strain Unit (FX-3000; Flexcell International 
Corp.) with 18% elongation at 6 cycles/min. Control cells were seeded and cultured under the same conditions without TF. 

2.3. Analysis of cell viability and cell cycle distribution 

Cell viability was measured by WST8 assay. Briefly, cells were stimulated with or without TF, and then culture medium was 
replaced with fresh medium containing Cell Count Reagent CF (Nacalai Tesque, Kyoto, Japan). After an additional 4-h incubation 
without TF, 100 μl aliquots of supernatant were dispensed into 96-well plates, followed by measurement of the absorbance at 450 nm 
using plate reader (Spectra Max ABS plus; Molecular Devices, San Jose, CA, USA). 

For cell cycle analysis, a mixture of floating and attached cells was collected from the cultures stimulated with or without TF, 
washed in PBS and then fixed in 70% ice-cold ethanol overnight. After washing in PBS, cells were incubated in PBS containing 0.1% 
FBS, 25 μg/ml of propidium iodide and 200 μg/ml of RNase A for 15 min at room temperature for the analysis by FACS Gallios 
(Beckman Coulter, Brea, CA, USA). 
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2.4. Microarray 

Cells were stimulated with or without TF as described above, and total RNA was extracted from the cells using RNeasy mini kits 
(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. All of the samples were processed for global gene expression 
analysis using (Clariom S Assay; Thermo Fisher Scientific). The obtained expression array feature intensity files (CEL files) were 
analysed using Transcriptome Analysis Console (TAC) software ver. 4.0.2 (Thermo Fisher Scientific) to identify the differentially 
expressed genes (DEGs) between TF-stimulated and unstimulated groups. One-way analysis of variance (ANOVA) was used to identify 
genes that were significantly differentially expressed (P < 0.05) and those with ≥ 2-fold changes were selected. 

2.5. Bioinformatics analyses 

The R package clusterProfiler ver. 4.4.1 (https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html) was used to 
perform enrichment analysis of Gene Ontology (GO) and Kyoto Encyclopedia Genes and Genomes (KEGG) pathway for the DEGs 
obtained by microarray analysis. GO enrichment analysis was performed for the 3 aspects, biological process (BP), cellular component 
(CC) and molecular function (MF). P < 0.05 was used to screen for significantly enriched GO and KEGG pathways. 

2.6. Quantitative real-time RT-PCR (qPCR) 

Total RNA was prepared from the indicated cells using RNeasy mini kits (Qiagen) and reverse transcribed to cDNA using iScript 
cDNA synthesis system (Bio-Rad Laboratories, Hercules, CA, USA). Quantitative real-time RT-PCR (qPCR) was performed using SYBR 
Premix Ex Taq™ (Takara, Shiga, Japan) according to the manufacturer’s recommendations. The primers used in this analysis are listed 
in Table 1. Measurements were carried out in triplicate. A mixture of cDNA generated from total RNA prepared from MLO-Y4 cells was 
used as a reference. A series of dilutions of cDNA mixture was prepared and used for qPCR as templates to obtain a standard curve for 
each gene. The expression level of β-2-microglobulin (B2M) was used as an internal reference. 

2.7. Western blotting 

Cells were lysed in RIPA buffer supplemented with the inhibitor cocktail for protease (Nacalai Tesque) and phosphatase (Nacalai 
Tesque). The lysates were passed briefly through a 1-ml syringe with a 27G needle and then protein concentration in the lysates was 
measured using Bio-Rad DC kits (Bio-Rad). The lysates containing 10 μg of protein were separated by 4%–12% SDS-polyacrylamide gel 
electrophoresis, followed by electroblotting onto Immobilon-P membranes (Millipore, Billerica, MA, USA). The membranes were 
blocked with Blocking-one (Nacalai Tesque) overnight at 4 ◦C, and incubated with anti-GSTA1/2/5 (E6, sc-398714; Santa Cruz 
Biotechnology, Dallas, TX, USA), anti-GAPDH (ab9485; Abcam, Cambridge, UK), anti-p53 (ab131442; Abcam), anti-phospho-53 at 
Ser15 (#9248; Cell Signaling Technology, Danvers, MA, USA), and anti-GADD45A (D17E8, #4632; Cell Signaling Technology) an-
tibodies at 4 ◦C. After 24-h incubation, membranes were washed in Tris-buffered saline containing 0.1% Tween 20 (TBS-T), followed 
by incubation with the appropriate secondary antibodies conjugated with horseradish peroxidase (GE Healthcare Life Sciences, 
Buckinghamshire, UK) for 1 h at room temperature. The membranes were then washed extensively in TBS-T and treated with Chemi- 
Lumi-One Super (Nacalai Tesque) to visualise immunoreactivities using LAS4000 (Fujifilm, Tokyo, Japan). The density of protein 
bands was quantified using ImageJ [23], and normalized relative to GAPDH. 

2.8. Measurement of the generation of ROS 

Intracellular ROS levels were measured using 2′-7′dichlorofluorescin diacetate (DCFH-DA). MLO-Y4 cells were seeded into 6-well 
flexible bottom plates at 1 × 105 cells/well and cultured for 24 h. After washing in Hanks balanced salt solution (HBSS), cells were 
incubated in loading buffer containing DCFH-DA for 30 min. The cells were then washed in HBSS and stimulated with TF in fresh 
medium containing Hoechst 33258 nucleic acid stain for 30 min. After final washing with HBSS, cells were observed by microscopy 
(CKX53 with standard fluorescence set; Olympus, Tokyo, Japan). For quantification of ROS generation, micrographs of the cells were 

Table 1 
The list of primers used for quantitative real-time PCR.  

Primer name Sequence (5′ - 3′) 

Gsta1 forward CTGCCTTGGCAAAAGATAGGACC 
Gsta1 reverse CTTCCAGTAGGTGGATGTCCAC 
Gsta2 forward GAGCTTGATGCCAGCCTTCTGA 
Gsta2 reverse TTCTCTGGCTGCCAGGATGTAG 
Gsta5 forward TTGATGCCAGCCTTCTGACTCC 
Gsta5 reverse TTCTCTGGCTGCCAGGATGTAG 
Gadd45a forward CCTGGAGGAAGTGCTCAGCAAG 
Gadd45a reverse GTCGTCTTCGTCAGCAGCCAG 
B2m forward CTATATCCTGGCTCACACTGA 
B2m reverse GATGCTTGATCACATGTCTCGA  
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taken at ×100 magnification, and fluorescent signal intensity was measured by counting the number of stained cells using ImageJ. The 
ratio of DCFH-DA-positive cells to all cells stained with Hoechst 33258 was calculated. To obtain representative images, micrographs 
were taken at ×200 magnification. 

2.9. Statistical analysis 

All statistical analyses except bioinformatics analyses of the microarray data were performed using JMP software ver. 11.2 (SAS 
Institute Inc., Cary, NC, USA). Student’s t-test was to examine the significance of differences between paired data. One-way ANOVA 
followed by the post hoc Tukey test was used for analyses among multiple data. Data are presented as the mean ± SD from at least three 
independent experiments, and P < 0.05 was taken to indicate statistical significance. 

3. Results 

3.1. TF caused cell cycle arrest at G2/M phase in osteocytes 

To examine the possible effect of TF on osteocytes, MOL-Y4 cells were simulated with TF for 24 h and cell viability was measured. 
As shown in Fig. 1A, the viability of TF-stimulated cells was 84.7% that of unstimulated cells. There were no obvious differences in cell 
morphology between the stimulated and unstimulated cells. To examine whether TF-stimulated osteocytes undergo cell death and/or 
cell cycle arrest, cell cycle distribution was analysed by FACS. As shown in Fig. 1B and C, the proportion of cells with G2/M DNA 
content was 33.3% in TF-stimulated cells and 25.7% in unstimulated cells. Along with that, proportion of the cells in G0/G1 phase was 
as low as 40.7% in TF-stimulated cells, while it was 53.3% in unstimulated cells. In contrast, there was no obvious difference in 
proportion of cells with sub-G1 DNA content between TF-stimulated cells (2.8%) and unstimulated cells (2.6%). All these results shown 
in Fig. 1 indicated that TF caused cell cycle arrest at G2/M phase but not cell death. 

3.2. Identification of genes differentially expressed between TF-stimulated and unstimulated cells 

Global gene expression analysis was performed to further address the possible effect of TF on the functions of osteocytes, and gene 
expression profiles were compared between TF-stimulated and unstimulated cells. Among the DEGs between TF-stimulated and 
unstimulated cells, 365 genes exhibited more than 2-fold higher expression level (P < 0.05) in the stimulated cells compared to 
unstimulated cells. On the other hand, 499 genes showed more than 2-fold lower expression level (P < 0.05) in TF-stimulated cells 
compared to unstimulated cells. The top 10 DEGs with higher and lower expression are listed in Tables 2 and 3, respectively. Notably, 
glutathione-S-transferase α (GSTA) family genes such as GSTA1, GSTA2 and GSTA5 were expressed at significantly higher levels in TF- 
stimulated cells in comparison to unstimulated cells. The DEGs with lower expression included virus defence-related genes, such as 
Oas2, Oasl2 and Ifi44, or immune cell-specific genes, such as Tgtp2 (Table 3). 

Fig. 1. TF induces G2/M cell cycle arrest of MLO-Y4 cells. (A) MLO-Y4 cells were exposed to TF for 24 h, and then cell viability was examined by 
WST8 assay. Data are presented as the mean ± SD of four replicates. **P < 0.01. (B, C) For cell cycle distribution analysis, a mixture of floating and 
adherent cells was harvested after 24 h of TF stimulation, and then stained with propidium iodide followed by FACS analysis. The experiments were 
performed at least three times. Representative histograms (B) and a bar diagram showing the proportion of cell cycle distribution (C) are shown. 
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3.3. GO and pathway enrichment analysis of DEGs between TF-stimulated and unstimulated cells 

To estimate the functions and pathways related to the response of the cells to TF stimulation, the DEGs described above were 
subjected to enrichment analyses for GO terms and KEGG pathways. 

With regard to the 365 genes with elevated expression in TF-stimulated cells, 612 GO terms were enriched, consisting of 542 BP, 3 
CC and 70 MF. Among the 499 genes showing low expression, 733 GO terms were enriched, including 653 BP, 18 CC and 62 MF. The 
top 10 GO terms in each aspect according to P-value are shown in Fig. 2. For highly expressed genes, GO terms in the aspect of BP 
including response to oxidative stress, autophagy, process utilizing autophagic mechanism and response to chemical stress, were 
highly significantly enriched (Fig. 2A). For CC, phagophore assembly site, autophagosome and transferase complex, and transferring 

Table 2 
Top 10 significantly up-regulated genes in TF-stimulated cells.  

Gene Symbol Description Fold Change FDR P-val 

Gsta1 Predicted gene 3776 (Gm3776) 25.68 0.0014 
Gsta2 Glutathione S-transferase, alpha 2 (Yc2) 24.5 0.0027 
Procr Protein C receptor, endothelial (Procr) 23.47 0.0027 
Gm8074 Predicted gene 8074 15.92 0.0023 
Gsta5 Predicted gene 10639 (Gm10639) 14.31 0.0045 
Bpifc BPI fold containing family C (Bpifc) 12.88 0.0049 
Aldh3a1 Aldehyde dehydrogenase family 3, sub family A1 (Aldh3a1), transcript variant 2 11.84 0.0053 
Gm21748 Predicted gene 21748 (Gm21748) 10.15 0.0066 
Ovgp1 Oviductal glycoprotein 1 (Ovgp1) 9.04 0.0142 
Osgin1 Oxidative stress induced growth inhibitor 1 8.53 0.0059  

Table 3 
Top 10 significantly down-regulated genes in TF-stimulated cells.  

Gene Symbol Description Fold Change FDR P-val 

Tgtp2 T cell specific GTPase 2 − 23.66 0.0118 
Cbr2 carbonyl reductase 2 − 20.7 0.0029 
Stc1 stanniocalcin 1 − 19.5 0.0027 
Oas2 2-5 oligoadenylate synthetase 2 − 19.09 0.005 
Ifi44 interferon-induced protein 44 − 15.87 0.0043 
Gm12185 predicted gene 12185 − 14.58 0.0027 
Vcam1 vascular cell adhesion molecule 1 − 12.5 0.0037 
Oasl2 2-5 oligoadenylate synthetase-like 2 − 11.45 0.0027 
Cd248 CD248 antigen, endosialin − 11.26 0.0061 
Col3a1 collagen, type III, alpha 1 − 11.11 0.0078  

Fig. 2. GO enrichment analysis of genes differentially expressed between TF-stimulated and unstimulated cells. Among the GO terms enriched (P <
0.05) in upregulated genes (A) and downregulated genes (B), the top 10 terms of biological process (BP), cellular component (CC) and molecular 
function (MF) are listed. 
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phosphorus-containing groups were included. MAP kinase (MAPK) tyrosine/serine/threonine phosphatase activity, antioxidant ac-
tivity, and MAPK phosphatase activity were detected as GO terms in the MF aspect. Among the genes with low expression, GO terms in 
BP, such as response to interferon-β, response to virus, and defence response to virus, were highly enriched (Fig. 2B). Those in CC 
aspect included collagen-coating extracellular matrix, fibrillar collagen trimer and banded collagen fibril. Extracellular matrix 
structural constituent, GTPase activity and glycosyltransferase activity were included in MF. 

Based on KEGG pathway enrichment analysis, 21 and 23 pathways were enriched in 365 and 499 DEGs with high and low 
expression, respectively. The top 10 pathways based on P-value of the DEGs with high and low expression are shown in Fig. 3. Among 
the highly expressed genes, pathways related to MAPK signalling, hepatocellular carcinoma, FoxO signalling and glutathione meta-
bolism were enriched (Fig. 3A). Pathways for NOD like receptor signalling, measles, COVID-19 and influenza A were enriched in the 
DEGs with low expression (Fig. 3B). 

3.4. Strong induction of GSTA family genes by tension force 

Upregulation of GSTA family genes, such as GSTA1, GSTA2 and GSTA5, in the stimulated cells was confirmed at the RNA and 
protein levels (Fig. 4A and B). The mRNA expression levels of GSTA1, GSTA2 and GSTA5 were 7.2, 8.6 and 8.0 times higher in TF- 
stimulated than unstimulated cells, respectively. The protein level was 1.8 times higher in the stimulated cells compared to unsti-
mulated cells. Time course analysis revealed that the expression levels of GSTA mRNAs were markedly increased in a time-dependent 
manner (Fig. 4C). Even after 30-min TF stimulation, mRNA expression levels of GSTA1, GSTA2 and GSTA5 were 1.3, 1.2 and 1.4 times 
higher than those in unstimulated cells, respectively, which increased to 1.9, 2.0 and 2.5 times higher after 3-h TF stimulation. 

As GSTAs are induced by oxidative stress [24], and TF stimulation in MLO-Y4 cells increased the expression of genes related to 
oxidative stress (Figs. 2A and 3A), intracellular ROS levels were measured. As expected, TF stimulation increased intracellular ROS 
levels compared to controls. In stimulated cells, the ratio of cells stained with the ROS-specific dye, DCFH-DA, was more than twice 

Fig. 3. Pathway enrichment analysis of genes differentially expressed between TF-stimulated and unstimulated cells. The top 10 KEGG pathways 
enriched (P < 0.05) in upregulated genes (A) and downregulated genes (B) are shown. 
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that in unstimulated cells (Fig. 4D). 

3.5. Tension force augments tumour suppressor p53 

Among the genes upregulated in TF stimulated MLO-Y4 cells, several pathways related to the stress response, such as pathways for 
MAPK signalling, FoxO and p53 signalling, were enriched (Fig. 3A). Among them, GADD45A was commonly included. As GADD45A is 
known to be a direct target of p53 and has been implicated in the inhibition of cell cycle progression, we examined the levels of p53 and 

Fig. 4. GSTAs are induced in response to TF stimulation accompanied by ROS production. (A) MLO-Y4 cells were stimulated with TF for 24 h, after 
which total RNA was prepared and analysed for GSTA1, GSTA2 and GSTA5 expression by qPCR. Data are presented as the mean ± SD of three 
replicates. **P < 0.01. (B) MLO-Y4 cells were treated in the same way as in (A) and then whole-cell lysates were prepared and analysed by Western 
blotting using an antibody that simultaneously recognises GSTA1, GSTA2 and GSTA5. GAPDH was used as a loading control. Representative images 
and quantitative plots are shown. Data are presented as the mean ± SD of three replicataes. *P < 0.05. Full and non-adjusted images of immunoblots 
were shown in the supplementary material (Fig. S1). (C) MLO-Y4 cells were stimulated with TF for the indicated time, after which total RNA was 
extracted and analysed for GSTA1, GSTA2 and GSTA5 expression by qPCR. Data are presented as the mean ± SD of three replicataes. Statistical 
analyses were performed between control and each time point. **P < 0.01 (D) MLO-Y4 cells were stimulated with TF for 30 min in the presence of 
Hoechst 33258 and the ROS indicator DCFH-DA. Representative images taken under a fluorescence microscope at ×200 magnification are shown 
(left panel). The bars indicate 100 μm. The ratio of DCFH-DA-positive cells to all cells was determined by analysing micrographs taken at ×100 
magnification (right panel). Data are presented as the mean ± SD of five replicataes. **P < 0.01. 

Fig. 5. TF-mediated activation of tumour suppressor p53 and induction of its target GADD45A. (A) MLO-Y4 cells were stimulated with TF for 24 h, 
after which total RNA was prepared and analysed for GADD45A expression by qPCR. Data are presented as the mean ± SD of three replicataes. **P 
< 0.01. (B) MLO-Y4 cells were treated in the same way as in (A) and then whole-cell lysates were prepared and subjected to Western blotting to 
detect the protein level of GADD45A, p53 and p53 phosphorylated at Ser15 (p53Ser15). GAPDH was used as a loading control. Representative 
images and quantitative plots are shown. Data are presented as the mean ± SD of three replicataes. *P < 0.05. Full and non-adjusted images of 
immunoblots were shown in the supplementary material (Fig. S1). 
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GADD45A in the presence or absence of TF stimulation. As expected, the levels of GADD45A mRNA in TF-stimulated MLO-Y4 cells 
were 1.8-fold higher than in unstimulated cells (Fig. 5A). Consistent with this observation, Western blotting analysis showed that TF 
stimulation induced 1.3 times higher GADD45A protein level compared to unstimulated cells. In addition, TF stimulation increased the 
protein level of p53 accompanied by its phosphorylation at Ser15 (Fig. 5B). Protein levels of p53 and phosphorylated form of it were 
1.4 and 1.7 times higher in the stimulated cells than in unstimulated cells, respectively. 

4. Discussion 

The results of the present study showed that murine osteocyte-like MOL-Y4 cells undergo cell cycle arrest at G2/M phase in 
response to TF. Global gene expression analysis revealed that GSTA family genes were notably upregulated in TF-stimulated cells. 
Enrichment analysis for GO and KEGG pathways showed that TF stimulation induced the stress response in MLO-Y4 cells. Consistent 
with these results, TF stimulation caused ROS production in MLO-Y4 cells. It has been reported that mechanical stresses generates ROS 
through the activation of NADPH oxidase (NOX) in a variety of cells including cardiac myocytes [25], vascular endothelial cells [26] 
and embryonic stem cells [27]. In osteocytes, FSS activated NADPH oxidase 2 (NOX2) to produce ROS [15]. Our results showed that TF 
stimulation produced ROS in MLO-Y4 cells. Further studies are required to confirm whether this TF-mediated ROS production is 
induced through the same mechanism as that induced by FSS. 

The present results showed that TF stimulation arrested the cell cycle at G2/M but did not induce cell death in MLO-Y4 cells. ROS 
are among the major causes of DNA damage, potentiating the p53-dependent DNA damage response [28]. Upon DNA damage, p53 is 
rapidly accumulated through its phosphorylation, and transactivates its downstream target genes, such as GADD45, p21cip1 and 
14-3-3σ, involved in cell cycle arrest and/or induction of cell death [29]. Indeed, TF stimulation led to accumulation of p53 together 
with its phosphorylation at Ser15. Analysis using mutant p53 showed that phosphorylation of p53 at Ser15 prevented degradation of 
p53 and kept it active [30]. Notably, one of its target gene products, GADD45A, which has been implicated in the promotion of G2/M 
cell cycle arrest, was upregulated in TF-stimulated cells. Therefore, it is likely that cell cycle arrest at G2/M by TF stimulation may be at 
least in part p53-dependent. Although it is unclear why TF stimulation did not induce cell death, the observation that GO terms and 
pathways related to autophagy were enriched in the TF-stimulated cells suggests the possibility that TF-mediated potentiation of the 
autophagy pathway may prevent cell death caused by TF-induced ROS, as autophagy has a protective effect against cell death in a 
variety of cells [31,32]. 

Intriguingly, TF stimulation resulted in upregulation of GSTA family genes (Fig. 4A–C). Enrichment analysis revealed that a 
pathway related to glutathione metabolism was activated by TF stimulation. The expression levels of many genes in this pathway, 
including GSTA, GSTP, GSTM and glutamate cysteine ligase (Gclm), were upregulated by TF stimulation. As the glutathione system is 
crucial to reduce ROS in cells and genes involved in the glutathione system are known to be induced by ROS [33], it is likely that ROS 
produced by TF stimulation enhanced the expression of these glutathione enzymes. The GST superfamily belongs to the Phase II 
enzyme, which detoxify xenobiotics or intrinsic metabolites, including products of oxidative stress, by conjugation of them with 
glutathione [34]. Among the members of the superfamily, GSTAs are the most abundant GSTs expressed in the liver [35]. The specific 
roles of GSTAs in osteocytes and/or bone tissues have not been reported. Further studies are needed to understand why TF stimulation 
strongly induced the expression of GSTAs, and whether GSTAs could play specific roles in osteocytes during the stimulation. 

An important limitation of this study is that an osteocyte-like cell line was used rather than primary osteocytes. Unlike MLO-Y4 
cells, which are immortalized and undergo proliferation, primary osteocytes are post-mitotic cells and do not replicate. In vivo 
studies have demonstrated that an appropriate amount of mechanical loading suppresses osteocyte apoptosis, while overloading in-
duces apoptosis of these cells [6,36]. The exact mechanisms underlying the death or survive of osteocytes in response to mechanical 
loading have not been fully elucidated. The possibility that mechanical stress induces senescence, which could inhibit apoptosis by 
inducing the senescent cell anti-apoptotic pathway, has been suggested [37,38]. However, this has not been verified in osteocytes. As 
the p53-dependent DNA damage response pathway is commonly involved in the regulation of G2/M arrest, senescence and apoptosis, 
clarification of the molecular mechanisms that TF stimulation induced cell cycle arrest but not cell death in MLO-Y4 cells may provide 
insights to understand the biphasic effect of mechanical loading on primary osteocytes. Another limitation of this study is that we 
focused only on the effects of TF stress on osteocyte viability. Further studies to verify whether the opposite force, i.e., compressive 
force could also affect cell cycle progression are needed to understand the effects of mechanical stress on osteocytes. Furthermore, this 
study could not corroborate that TF-produced ROS is the cause of G2/M arrest. Additional studies with modulation of ROS level using 
antioxidants or ROS inducers are needed to confirm the involvement of ROS in TF-induced G2/M arrest. 

5. Conclusion 

The results of the present study showed that TF stimulation caused cell cycle arrest at G2/M in osteocyte-like MLO-Y4 cells. 
Consistent with this observation, TF stimulation augmented ROS production and activated the cell cycle regulatory p53 pathway in 
MLO-Y4 cells. 
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