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Abstract

Mesenchymal stem cells (MSCs) are promising cell sources for regenerative medicine. Growing 

evidence has indicated that mechanical stimuli are crucial for their lineage-specific differentiation. 

However, the effect of mechanical loading on redox balance and the intracellular antioxidant 

system in MSCs was unknown. In this study, human bone marrow-derived MSCs (BM-MSCs) 

were subjected to cyclic stretch at the magnitude of 2.5%, 5%, and 10%. Cell proliferation, 

intracellular reactive oxygen species (ROS), expression of antioxidant enzymes, and osteogenic 

differentiation were evaluated. RNA was extracted and subjected to DNA microarray analysis. 

Sirtinol and compound C were used to investigate the underlying mechanisms involved silent 

information regulator type 1 (SIRT1) and AMP-activated protein kinase (AMPK). Our results 

showed that mechanical stretch at appropriate magnitudes increased cell proliferation, up-

regulated extracellular matrix organization, and down-regulated matrix disassembly. After 3 days 

of stretch, intracellular ROS in BM-MSCs were decreased but the levels of antioxidant enzymes, 
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especially superoxide dismutase 1 (SOD1), were up-regulated. Osteogenesis was improved by 5% 

stretch rather than 10% stretch, as evidenced by increased matrix mineralization and osteogenic 

marker gene expression. The expression of SIRT1 and phosphorylation of AMPK were enhanced 

by mechanical stretch; however, inhibition of SIRT1 or AMPK abrogated the stretch-induced 

antioxidant effect on BM-MSCs and inhibited the stretch-mediated osteogenic differentiation. Our 

findings reveal that mechanical stretch induced antioxidant responses, attenuated intracellular 

ROS, and improved osteogenesis of BM-MSCs. The stretch-induced antioxidant effect was 

through activation of the AMPK-SIRT1 signaling pathway. Our findings demonstrated that 

appropriate mechanical stimulation can improve MSC antioxidant functions and benefit bone 

regeneration.
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Introduction

Mesenchymal stem cells (MSCs) have attracted great attention in regenerative medicine and 

tissue engineering because of their accessibility, robust self-renewal capacity, and multi-

differentiation potential. Increasing evidence indicates that mechanical forces, such as 

stretch, tension, compression, and fluid shear stress, play a critical role in regulating MSC 

behavior and their functions [1]. For example, mechanical loading from physical activities 

has been proven to be beneficial to bone mineral density and bone strength, because bone 

marrow-derived mesenchymal stem cells (BM-MSCs) can translate external mechanical 

stimuli into intracellular biochemical signals. These signals can promote differentiation 

toward the osteoblast lineage and synthesis of new bone matrix [2]. In contrast, 

dysregulation of mechanical loading, such as osteoporosis during immobilization or during 

long-duration space flight, may lead to bone diseases [3].

Reactive oxygen species (ROS), such as the superoxide anion radical (O2¯), hydrogen 

peroxide (H2O2), and thehydroxyl radical (HO¯), have been suggested to play an important 

Chen et al. Page 2

Free Radic Biol Med. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



role in mechanosensitive signaling transduction [4]. In response to mechanical stimuli, these 

species are mainly generated in a cell membrane-associated NADPH oxidase [5] and the 

mitochondrial electron transport chain contributes to stretch-induced ROS generation as well 

[6]. A growing body of evidence has demonstrated that physiological levels of ROS, as a 

secondary messenger, are crucial to the self-renewal and multi-lineage differentiation of 

stem cells [7]. Schmelter et al. showed that intracellular ROS were involved in mechanical 

strain-induced cardiovascular differentiation of embryonic stem cells through activation of 

the extracellular-regulated kinase 1/2 (ERK1/2) signaling cascade [8]. However, excessive 

levels of ROS have been proven to cause oxidative stress in MSCs, leading to lipid and 

protein oxidation, DNA damage, premature senescence, or cell death [9]. A recent study 

showed that chronic exposure of human pulmonary endothelial cells to a pathological level 

of cyclic stretch (at 18% magnitude) induced an inflammatory response, while treatment 

with antioxidant N-acetyl cysteine (NAC) attenuated ROS accumulation and ameliorated 

stretch-induced inflammation [10].

Apart from the production of ROS, redox homeostasis in cells is influenced by intracellular 

antioxidant enzymes, including superoxide dismutase (SOD), catalase (CAT), glutathione 

peroxidase (GPx), peroxiredoxin, and glutaredoxin. These enzymes convert cytotoxic ROS 

into nontoxic metabolites such as oxygen and water. For example, SOD1 is predominantly 

located in cytoplasm and nucleus, while SOD2 is found in the mitochondrial matrix. Both of 

them can catalyze O2¯ to H2O2, which can be neutralized to water by catalase and GPx [11]. 

In response to mechanical loading such as exercise, the intracellular antioxidant defense has 

been reported to increase in skeletal muscle cells[12] Morikawa and colleagues 

demonstrated that loss of SOD1 exacerbated bone loss and they suggested activation of 

SOD1 would be a promising strategy for preventing bone loss [13].

Silent information regulator type 1 (SIRT1), a member of nicotinamide adenine dinucleotide 

(NAD+)-dependent deacetylases, has been shown to regulate metabolism, cell growth, 

differentiation, and antioxidant responses in MSCs. Activation of SIRT1 by resveratrol 

(ResV) has been shown to improve mitochondrial SOD2 function in diabetic mice [14]. 

Meanwhile, SIRT1 is crucial for preventing cellular senescence by delaying the 

accumulation of p16INK4α (an important cell cycle inhibitor) and thus contributes to the 

long-term growth of human MSCs [15]. SIRT1 has also been suggested to play an essential 

role in maintaining the multi-differentiation potentials of BM-MSCs through deacetylation 

of SRY (sex determining region Y)-box 2 (SOX2) [16]. Previous studies from our laboratory 

revealed that activation of SIRT1 protected MSCs from oxidative stress-induced premature 

senescence [17] and rescued alcohol-inhibited osteogenic differentiation in BM-MSCs [18]. 

Recently, Pardo et al. showed that mechanical stretch resulted in an increase in ROS 

generation and up-regulated the levels of SIRT1 in skeletal muscle cells. Further molecular 

experiments suggested that SIRT1 was involved in protecting against stretch-induced 

oxidative stress through the early growth response factor 1 (EGR)-dependent signaling 

pathway [19]. However, the underlying mechanisms by which mechanical signals regulate 

antioxidant functions of MSCs and whether this response is mediated by the SIRT1-

dependent mechanosensitive signaling pathways are not fully understood.
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In the present study, human BM-MSCs were exposed to mechanical stretch at different 

strain magnitudes of 2.5%, 5%, and 10%. We analyzed the effect of mechanical stretch on 

global gene expression profile and antioxidant changes in BM-MSCs, such as SOD1, SOD2, 

CAT, and GPx1. The effect of cyclic stretch on cell proliferation, intracellular ROS, and 

osteogenesis were also evaluated. Moreover, we investigated the molecular mechanisms 

involved the AMP-activated protein kinase (AMPK) and SIRT1 signaling pathways.

Materials and Methods

Reagents and antibodies

Human BM-MSCs were purchased from Cyagen Biosciences Inc. (Guangzhou, China). 

Fetal bovine serum (FBS), alpha minimum essential medium (α-MEM), penicillin, 

streptomycin, TRIzol® reagent, Dulbecco’s modified Eagle medium (DMEM), trypsin-

ethylene diamine tetraacetic acid (EDTA), horseradish peroxidase-conjugated secondary 

antibodies, protease inhibitor tablets, and SuperSignal West Pico Substrate were purchased 

from Thermo Fisher Scientific (Waltham, MA, USA). Standard cell culture plates and flasks 

were purchased from Costar (Tewksbury, MA, USA). Fibronectin, 2′,7′-dichlorofluorescein 

diacetate (DCFH-DA), 4’,6-diamidino-2-phenylindole (DAPI), paraformaldehyde, L-

ascorbic acid, dexamethasone, β-glycerol phosphate, Sirtinol, Compound C (CC), and 

phosphate buffered saline (PBS) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 

Primary antibodies against SOD1, SOD2, CAT, GPx1, SIRT1, AMPK, p-AMPK (phospho 

T183 + T172), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased 

from Abcam (Cambridge, MA, USA). Cell lysis buffer, polyacrylamide gels, nitrocellulose 

membranes, and X-OMAT BT Film were purchased from Beyotime Institute of 

Biotechnology (Haimen, China). All other materials and reagents were purchased from 

diverse conventional suppliers.

Cell culture

Human BM-MSCs (passage 1) were cultured in growth medium containing α-MEM, 10% 

FBS, 100 U/mL of penicillin, and 100 μg/mL of streptomycin at 37°C with 5% CO2. The 

medium was changed every three days. BM-MSCs were cultured two more passages to 

obtain a sufficient amount and these cells (passage 4) were used in the experiments as 

described below.

Application of cyclic stretch to BM-MSCs

The mechanical stretch device consisted of a computer system, a control unit, a driving 

motor, and cell culture silicone chambers (3 cm × 6 cm) (Suppl Fig. 1A). The substrate of 

the cell culture chambers was made with SYLGARD® 184 (Dow Corning GmbH, 

Wiesbaden, Germany) and, after sterilization, the silicone substrate was coated with 

fibronectin (1 μg/cm2) at 37°C for 2 h. BM-MSCs were plated on the pre-treated silicone 

membrane at an initial density of 3,000 cells/cm2. After 24 h, the cells were subjected to 

longitudinal stretch that was produced by the computer-controlled device and the following 

mechanical parameters were applied: frequency of 1 Hz, linear magnitude of 2.5%, 5%, or 

10%, and duration of 2 h per day (Suppl Fig. 1B&C). During cyclic stretch, cells were 
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maintained in an incubator at 37°C with 5% CO2. Cells cultured under static conditions 

served as the control group (CTRL).

Treatments with CC or Sirtinol

To investigate the role of AMPK in response to mechanical stretch, BM-MSCs were pre-

incubated with 10 μM CC (an AMPK inhibitor) for 2 h and then subjected to 5% cyclic 

stretch for 3 days (2 h per day). To investigate the role of SIRT1 in mediating the antioxidant 

responses to mechanical stretch, BM-MSCs were pre-incubated with 40 μM Sirtinol (a 

SIRT1 inhibitor) for 2 h and then subjected to 5% cyclic stretch for 3 days (2 h per day).

Immunofluorescence staining of F-actin

After a 3-day cyclic stretch, BM-MSCs were fixed in 4% paraformaldehyde for 10 min. 

After treating with 0.1% Triton X-100 in PBS for 5 min, cells were incubated in rhodamine 

phalloidin staining solution (MesGen Biotech, Shanghai, China) at room temperature for 40 

min following the manufacturer’s protocol. Cell nuclei were counterstained with DAPI. 

Immunofluorescence images of F-actin were visualized and captured using a Zeiss Axiovert 

40CFL microscope (Zeiss, Oberkochen, Germany).

Cell proliferation

A Cell Counting Kit-8 assay (CCK-8; Beyotime) was performed to evaluate cell 

proliferation as described previously [17]. Briefly, BM-MSCs were seeded on pre-treated 

silicone membranes at a density of 1,000 cells/cm2. Cell were subjected to cyclic stretch 

(2.5%, 5%, and 10%) for 2 h per day. At days 1, 3, 5, and 7, the CCK-8 solution was added 

in each chamber and the cells were incubated at 37°C for 1 h. The absorbance was measured 

at 450 nm using a microplate spectrophotometer (BioTek, Winooski, VT, USA). The 

absorbance values were normalized to the value of day 1.

Microarray for gene expression analysis

Gene expression profiles were assessed by the Affymetrix Human HTA2.0 expression 

microarrays (Affymetrix, Santa Clara, CA, USA). BM-MSCs were plated at confluence on 

pre-treated silicone membranes and subjected to 5% cyclic stretch for 3 days (2 h per day). 

Total RNA was extracted using TRIzol® reagent according to the manufacturer’s protocol 

and quantified by the NanoDrop ND-2000 (Thermo Scientific). The RNA integrity was 

assessed using Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). 

The microarray experiments were performed at Shanghai OE Biotech. Co., Ltd. (Shanghai, 

China). The gene expression levels between the CTRL group and the stretch group were 

compared using the Significant Analysis of Microarray software (SAM) and enrichment 

analyses for the Gene Ontology (GO) biological process were performed using WebGestalt. 

The differentially expressed genes were identified by a fold-value change of ≥ 1.5 in the 

SAM output results.

Intracellular ROS detection

Measurement of intracellular ROS in BM-MSCs was performed as described previously 

[20]. After 3 days of cyclic stretch, cells were dissociated by 0.25% trypsin-EDTA and then 
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incubated in 10 μM of DCFH-DA solution at 37ºC for 10 min. After washing twice with 

PBS, the fluorescence intensity was measured using a Guava easycyte Flow Cytometer 

(Millipore, Boston, MA, USA) and 20,000 events from each cell sample were analyzed 

using the FlowJo 7.6.1 software (TreeStar, San Carlos, CA, USA). Unstained cells were 

applied as background and the levels of ROS were normalized to the control group.

SOD activity assay

Total SOD activity was analyzed using a commercially available SOD assay kit (Beyotime) 

according to the manufacturer’s instructions. After 3 days of stretch, BM-MSCs were 

suspended in cell lysis solution and protein amount was quantified with the BCA protein 

assay kit (Beyotime). Each lysate was mixed with reagent from the kit and incubated at 37°C 

for 20 min. Absorbance at 450 nm was measured using a microplate reader (BioTek).

Osteogenic differentiation of BM-MSCs

To investigate the effect of mechanical stretch on osteogenic differentiation, BM-MSCs were 

induced toward osteogenic differentiation. Cells were incubated in osteogenic medium, in 

which the DMEM was supplemented with 10% FBS, 10 mM β-glycerol phosphate, 100 nM 

dexamethasone, and 50 μg/mL L-ascorbic acid. Cyclic stretch at magnitudes of 2.5%, 5%, 

and 10% was applied for 2 h per day. Cells cultured under static conditions were used as the 

control group (CTRL). Osteogenic medium was refreshed every 3 days.

To explore the underlying mechanisms in stretch-mediated osteogenesis, BM-MSCs were 

incubated in osteogenic medium supplemented with 10 μM CC or 40 μM Sirtinol. The cells 

were subjected to 5% cyclic stretch for 14 days (2 h per day). Cells cultured under static 

conditions were used as the control group (CTRL).

Alkaline phosphatase (ALP) staining and activity measurement

After a 7-day osteogenic induction, ALP activity was measured using commercially 

available kits. To qualitatively observe ALP-positive cells, BM-MSCs were washed three 

times with PBS, fixed with 4% paraformaldehyde, and stained with a BCIP/NBT Alkaline 

Phosphatase Color Development Kit (Beyotime) for 15 min according to the manufacturer’s 

instructions. Digital images were captured using an Olympus IX51 microscope (Olympus 

Corporation, Tokyo, Japan).

To quantitatively measure ALP activity, BM-MSCs were dissolved in ice-cold cell lysis 

buffer and, after centrifuging, the supernatant was divided into two parts. One part was 

evaluated colorimetrically using an ALP Assay Kit (Beyotime) according to the 

manufacturer’s protocol. The other part was used to determine protein concentrations using 

a BCA protein assay kit (Beyotime). The ALP activity was normalized to the total protein 

content.

Evaluation of matrix mineralization using Alizarin Red S staining

After a 14-day osteogenic induction, BM-MSCs were fixed in 4% paraformaldehyde and 

incubated in 1% Alizarin Red S solution (pH = 4.3; Sigma-Aldrich) at room temperature for 

15 min. After washing twice with PBS, digital images were captured using an Olympus 

Chen et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



IX51 microscope. To quantify the level of matrix mineralization, two hundred microliters of 

hydrochloric acid (1%;Sigma-Aldrich) was added to each chamber to dissolve the stain from 

calcified layers. The absorbance was measured at 420 nm using a microplate 

spectrophotometer and the values were normalized to the control group.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from BM-MSCs using TRIzol® reagent and then reverse-

transcribed to cDNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher) 

according to the manufacturer’s instructions. Quantitative PCR was performed using the 

iTap™ Universal SYBR® Green Supermix kit (Bio-Rad, Hercules, CA, USA) on a 

CFX96™ Real-Time PCR System (Bio-Rad) following the manufacturer’s protocol. 

Transcript levels of SIRT1 and antioxidant enzymes, including CAT, GPX1, SOD1, and 

SOD2, were evaluated. Osteogenic marker genes, including ALP, BGLAP (bone gamma 

carboxyglutamate protein), RUNX2 (runt-related transcription factor 2), and SP7 (osterix) 

were also evaluated. Primer sequences for target genes are listed in Table 1, with GAPDH as 

an internal standard. Relative transcript levels of target genes were calculated as described 

previously [21].

Western blot analysis

After 3 days of stretch, BM-MSCs were incubated in lysis buffer containing protease 

inhibitors for 1 h on ice. Protein concentrations were quantified using a BCA protein assay 

kit (Beyotime). Equal amounts of protein from each extract were denatured and separated in 

a 10% polyacrylamide gel, and then transferred by electrophoresis onto a nitrocellulose 

membrane. Membranes were blocked in blocking buffer (Beyotime) for 30 min and 

incubated in properly diluted primary antibodies at 4°C overnight. The membranes were 

incubated in respective horseradish peroxidase-conjugated secondary antibodies at room 

temperature for 1 h and then developed using SuperSignal West Pico Substrate andX-OMAT 

BT Film. The intensity of bands was quantified using ImageJ software (National Institutes of 

Health, Bethesda, MD, USA).

Statistical analysis

Statistical analysis was conducted using the SPSS 13.0 statistical software (SPSS Inc., 

Chicago, IL, USA). All data were expressed as means ± standard error of mean (S.E.M.). 

Statistical differences were determined using the two-tailed Student’s t-test for comparisons 

between two groups and one-way Analysis of Variance (ANOVA) with a Tukey’s post hoc 

test for multiple group comparisons. Statistically significant differences are indicated by * 

where p < 0.05 between the indicated groups and # where p < 0.05 vs. the CTRL group.

Results

Effects of mechanical stretch on cell morphology and proliferation of BM-MSCs

BM-MSCs were exposed to mechanical cyclic stretch for 2 h per day at the magnitudes of 

2.5%, 5%, and 10% and, after 3 days of stretch, the cell cytoskeleton F-actin was stained by 

rhodamine phalloidin. BM-MSCs under static conditions showed a flattened and polygonal 

cell shape, but the morphology of stretch-treated cells became slender and spindle-like. We 
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also observed that BM-MSCs in the stretch groups grew along the direction of longitudinal 

mechanical force, in contrast to random migration directions of cells in the CTRL group 

(Fig. 1A). The effect of mechanical stretch on cell proliferation was assessed at days 1, 3, 5, 

and 7. On day 7, BM-MSCs in the 5% stretch group yielded the highest level of cell 

proliferation (14.9% higher than the CTRL group, 13.2% higher than the 2.5% stretch 

group, and 16.5% higher than the 10% stretch group) (Fig. 1B).

Global gene expression analysis of stretch-treated BM-MSCs

To examine changes in gene expression caused by mechanical stretch, microarray analyses 

were performed using total RNA extracted from BM-MSCs in the CTRL group and the 5% 

stretch group. The heat map showed an overview of differentially expressed genes that were 

defined as the 1.5-fold up- or down-regulated genes (Fig. 2A). A total of 793 differentially 

expressed genes were identified in BM-MSCs subjected to 5% stretch, in comparison to 

cells cultured under static conditions. Among these, 275 genes were up-regulated, including 

83 genes encoding well-defined proteins (Suppl Table 1), while 518 genes were down-

regulated, including 159 genes encoding well-defined proteins (Suppl Table 2). We then 

performed functional enrichment analysis of biological processes. The top fifteen biological 

processes up- or down-regulated by stretch stimulation were shown in Fig. 2B&C. Among 

these, extracellular matrix organization, bone mineralization, and collagen fibril organization 

were up-regulated, while the processes of extracellular matrix disassembly, cellular response 

to zinc ion, and cellular response to fluid shear stress were down-regulated in the stretch 

group.

Mechanical stretch induces antioxidant responses in BM-MSCs

We evaluated the levels of two important antioxidant enzymes, SOD1 and SOD2, which 

scavenge intracellular superoxide radicals. In comparison with the CTRL group, treatments 

with mechanical stretch significantly increased the transcript levels of SOD1 by 28.6% at 

2.5% magnitude and 95.8% at 5% magnitude; however, the expression of SOD1 was 

suppressed by treatment with 10% stretch (Fig. 3A). Similarly, treatments with mechanical 

stretch significantly increased the transcript levels of SOD2 by 19.3% at 2.5% magnitude 

and 26.4% at 5% magnitude (Fig. 3B). In addition, the levels of SOD activity were enhanced 

by treatment with mechanical stretch (by 34.0% at 2.5% magnitude and 54.8% at 5% 

magnitude) (Fig. 3C). Consistently, the western blot assay confirmed that the protein levels 

of SOD1 were up-regulated by treatments with mechanical stretch (Fig. 3D). Quantitative 

analysis showed that treatment with 5% stretch increased the SOD1 level by 54.1% (Suppl 

Fig. 2A), but the differences of SOD2 expression between the CTRL and stretch groups 

were not significant (Suppl Fig. 2B).

In addition, we investigated the effect of mechanical cyclic stretch on intracellular H2O2 

scavenging enzymes, CAT and GPx1. The mRNA level of CAT was up-regulated by 13.5% 

in the 5% stretch group compared with the CTRL group (Fig. 3E). Treatments with 

mechanical stretch significantly increased the transcript levels of GPX1 by 19.4% at 2.5% 

magnitude and 37.0% at 5% magnitude, compared with the static cells (Fig. 3F). The protein 

levels of CAT and GPx1 were determined using western blot assays (Fig. 3G). Quantitative 

analysis showed that the protein levels of CAT in all groups were not significantly different 
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(Suppl Fig. 2C), but treatment with 5% stretch significantly up-regulated the protein 

expression of GPx1 by 68.6% compared with the static cells (Suppl Fig. 2D).

Mechanical stretch increases SIRT1 expression and AMPK phosphorylation

After being subjected to mechanical cyclic stretch for 3 days, the levels of intracellular ROS 

in BM-MSCs were determined by flow cytometry (Fig. 4A). The results showed that 

treatments with mechanical stretch significantly decreased the levels of ROS by 21.2% at 

2.5% magnitude and 39.2% at 5% magnitude, compared with the static cells; however, 10% 

stretch showed no effect on the generation of ROS in BM-MSCs (Fig. 4B). Since SIRT1 

plays an important role in modulating the intracellular antioxidant system, we evaluated both 

the mRNA and protein expression of SIRT1. RT-qPCR data showed that, compared with the 

CTRL group, the transcript level of SIRT1 was significantly up-regulated by mechanical 

cyclic stretch (by 78.6% at 2.5% magnitude, 315.5% at 5% magnitude, and 17.0% at 10% 

magnitude) (Fig. 4C). The western blot assay showed that treatment with 5% stretch 

significantly increased the protein level of SIRT1 by 46.4% compared with the CTRL group 

(Fig. 4D&E). In addition, the involvement of the AMPK signaling pathway was determined 

(Fig. 4F). The results showed that treatments with mechanical stretch significantly enhanced 

the phosphorylation levels of AMPK by 26.4% at 2.5% magnitude and 53.8% at 5% 

magnitude, compared with the static cells (Fig. 4G), while the total expression of AMPK 

was similar in all groups (Fig. 4H).

Mechanical stretch promotes osteogenic differentiation of BM-MSCs

The effect of mechanical cyclic stretch on osteogenic differentiation was assessed. BM-

MSCs were induced toward an osteogenic lineage commitment and, after a 7-day induction, 

the levels of ALP (a typical marker for early osteogenesis) activity were determined. The 

ALP staining assay showed more positively-stained cells in the 2.5% stretch and 5% stretch 

groups than in the CTRL group (Fig. 5A). Quantitative analysis revealed that mechanical 

stretch increased ALP activity in BM-MSCs by 76.5% at 2.5% magnitude and 124.5% at 5% 

magnitude, compared with the static cells (Fig. 5B); however, the level of ALP activity in 

the 10% stretch group was 16.6% lower than the CTRL group (p = 0.19). The transcript 

levels of ALP were up-regulated by mechanical stretch (by 30.6% at 2.5% magnitude and 

77.8% at 5% magnitude) (Fig. 5C). Furthermore, Alizarin Red S staining was used to 

determine matrix mineralization (a typical marker for the late stage of osteogenesis) and, 

after a 14-day induction, differentiated BM-MSCs in the 5% stretch group showed the 

strongest staining (Fig. 5D). The quantitative results demonstrated that the level of calcium 

deposition was 20.9% higher in the 5% stretch group than the CTRL group (Fig. 5E). RT-

qPCR data confirmed that mechanical stretch significantly increased the transcript levels of 

osteoblast-specific markers. The mRNA expression of BGLAP was up-regulated by 28.1% 

and 80.4% in the 2.5% and 5% stretch groups, respectively (Fig. 5F). Cyclic stretch of 5% 

magnitude significantly increased the gene expression of RUNX2 (Fig. 5G) and SP7 (Fig. 

5H) by 1.4-fold and 60.0%, respectively.

Inhibition of SIRT1 abrogates mechanical stretch-induced antioxidant effects on BM-MSCs

To confirm the involvement of the AMPK-SIRT1 signaling pathway in modulating 

mechanical stretch-induced antioxidant effects, BM-MSCs were pre-treated with 10 μM CC 
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to inhibit AMPK activation or 40 μM Sirtinol to suppress SIRT1 activity. The western blot 

assay showed that the phosphorylation of AMPK was significantly decreased by pre-

treatment with CC (Fig. 6A). The phosphorylated levels of AMPK were 39.6% and 55.6% 

lower than the static cells and the stretch-treated cells, respectively (Fig. 6B), while the total 

expression of AMPK protein was not affected by the CC pre-treatment (Fig. 6C). RT-qPCR 

data showed that Sirtinol treatment significantly decreased the transcript levels of SIRT1 by 

32.9% in static conditions and by 73.2% in 5% stretch treated BM-MSCs (Fig. 6D). In static 

conditions, Sirtinol treatment did not affect the protein expression of SIRT1, but it 

significantly down-regulated the SIRT1 level in 5% stretch treated BM-MSCs (by 18.2% 

compared with the 5% stretch group) (Fig. 6E&F).

Furthermore, we examined whether inhibition of AMPK or SIRT1 would counteract the 

mechanical stretch-induced antioxidant effects on BM-MSCs. When subjected to 5% cyclic 

stretch, treatment with CC and Sirtinol decreased the transcript levels of SOD1 by 44.1% 

and 55.9%, respectively (Fig. 7A). In stretch-treated BM-MSCs, treatments with CC and 

Sirtinol down-regulated the mRNA expression of SOD2 by 19.0% and 40.9%, respectively 

(Fig. 7B). Western blot assay demonstrated that the protein levels of SOD1 and SOD2 were 

also down-regulated by treatment with or Sirtinol (Fig. 7C). Compared to the stretch group, 

Sirtinol treatment significantly down-regulated the protein level of SOD1 by 39.9% (Suppl 

Fig. 3A) and the expression of SOD2 by 39.4% (Suppl Fig. 3B). With regard to H2O2 

scavenging enzymes, treatment with Sirtinol decreased the mRNA level of CAT by 41.2% 

(Fig. 7D) and the expression of GPX1 by 48.2% (Fig. 7E). The effects of treatment with CC 

and Sirtinol on the protein levels of CAT and GPx1 was confirmed by the western blot 

experiments (Fig. 7F). Compared to the stretch group, Sirtinol treatment down-regulated the 

protein level of CAT by 33.1% (Suppl Fig. 3C) and the expression of GPx1 by 49.3% (Suppl 

Fig. 3D).

Inhibition of AMPK or SIRT1 suppressed the osteogenic differentiation of stretch-treated 
BM-MSCs

To further explore the role of SIRT1 in regulating stretch-mediated osteogenesis, BM-MSCs 

were treated with 10 μM CC or 40 μM Sirtinol to inhibit AMPK or SIRT1 activities. After a 

14-day induction, the results of Alizarin Red S staining showed that treatments with CC or 

Sirtinol suppressed calcium deposition in BM-MSCs (Fig. 8A). The quantitative data 

confirmed that, when subjected to 5% cyclic stretch, treatment with CC and Sirtinol 

decreased the levels of matrix mineralization by 37.4% and 71.1%, respectively (Fig. 8B). 

RT-qPCR data showed that, in stretch-treated BM-MSCs, treatments with CC and Sirtinol 

down-regulated the mRNA expression of BGLAP by 58.1% and 71.1%, respectively (Fig. 

8C). Compared to the stretch group, Sirtinol treatment significantly decreased the transcript 

level of RUNX2 by 76.5% (Fig. 8D) and the gene expression of SP7 by 55.8% (Fig. 8E).

Discussion

Mechanical loading plays an important role in regulating skeletal tissue homeostasis; thus, a 

number of studies have been conducted to investigate the effects of mechanical stimulation 

on skeletal cells, including osteoblasts, chondrocytes, skeletal muscle cells, and endothelial 
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cells. It has been shown previously that cell proliferation of human tendon cells [22], as well 

as venous smooth muscle cells [23], was improved by cyclic stretch. In this study, we treated 

cells with longitudinal stretch with 2.5% and 5% magnitude to mimic physiological loading 

and found that appropriate mechanical stimulation increased cell proliferation of BM-MSCs. 

On the other hand, we chose to use 10% mechanical strain to mimic pathological stretch and 

showed that cell growth was barely affected, suggesting that only mechanical stimulation at 

physiological levels had a positive effect on cell proliferation. Mechanical stretch with 

overloaded magnitudes, such as 20% elongation [24], was reported to induce apoptosis of 

alveolar epithelial cells. Tan and colleagues demonstrated that excessive levels of cyclic 

stretch resulted in cell death in myoblast C2C12 cells through generation of abundant ROS 

and activation of c-Jun NH2-terminal kinase 1 (JNK1) [25]. As well, excessive mechanical 

loading was found to promote inflammatory responses by up-regulating the expression of 

Toll-like receptors (TLRs) and tumor necrosis factor α (TNFα) in human intervertebral disc 

cells, eventually leading to spinal disc degeneration and low-back pain [26]. Further 

molecular experiments revealed that mechanical stretch-induced endoplasmic reticulum 

(ER) stress may also be responsible for increased apoptosis, inflammation, and degeneration 

[27].

ROS formation in response to mechanical stimulation has been demonstrated in previous 

studies. Exposure of vascular smooth muscle cells to cyclic mechanical stretch resulted in a 

rapid ROS generation in a NADPH oxidase-dependent manner [28]. Dick and colleagues 

further investigated the mechanisms involving stretch-induced ROS generation and 

demonstrated that cyclic stretch increased intracellular H2O2, nitric oxide, and peroxynitrite 

in pulmonary arterial smooth muscle cells [29]. However, in this study, we observed a 

decrease in intracellular ROS after BM-MSCs were subjected to 2.5% and 5% cyclic stretch. 

We speculate that the disagreement in ROS levels was caused by the experimental time 

points. In previous studies, ROS formation was determined immediately after mechanical 

loading; however, in this study, the ROS levels were measured after a 3-day cyclic stretch (2 

h per day). It is possible that ROS levels were transiently increased by mechanical stretch in 

the beginning stage but declined due to stretch-induced antioxidant responses. Pardo et al. 

demonstrated that the maximal level of superoxide production was achieved 1 h after stretch 

and then progressively decreased to a basal level in skeletal muscle cells [19]. Therefore, the 

mechanical stretch-induced antioxidant responses might be responsible for attenuation of 

ROS levels.

In this study, we evaluated the inductive effect of mechanical stretch on the expression of 

intracellular antioxidant enzymes, such as SOD1, SOD2, CAT, and GPx1. Our results 

showed both the expression and activity of SOD in BM-MSCs were up-regulated by cyclic 

stretch at 2.5% and 5% magnitudes. In agreement with our results, it has been reported that 

cyclic strain stimulated the induction of antioxidant and detoxifying enzymes in human 

dental pulp cells, such as SOD1, GPx1, and heme oxygenase-1 (HO-1) [30]. Activation of 

the defense antioxidant system represented a compensatory adaptation in response to 

mechanical stress, which might mediate a protective effect on cells against stress-induced 

oxidative stress or tissue injuries. Without the protection of antioxidant enzymes, the 

beneficial effect of mechanical loading, such as exercise, would be lost and could even cause 

serious tissue damage or degenerative diseases. Pate and colleagues conducted a study in 
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which transgenic mice with reduced levels of extracellular SOD (SOD3) were exposed to 

running on a treadmill. The transgenic mice showed significant damage to cartilage tissue 

and lower levels of bone strength compared with wild-type mice and they demonstrated that 

loss of SOD3 might account for stress-induced osteoarthritis [31]. More importantly, we 

found that the levels of antioxidant enzymes in BM-MSCs were decreased by 10% cyclic 

stretch in this study. In agreement with our results, Li et al. reported that excessive 

mechanical strain (from 12% to 24% magnitude) resulted in a significant decrease in the 

activity of SOD but an increase in ROS generation in a magnitude-dependent manner[32] 

Therefore, mechanical stimulation at an appropriate and physiologic magnitude can benefit 

cell functions by protecting cells from oxidative damage, but excessive or pathologic stretch 

had an adverse effect on cells.

Furthermore, our results demonstrated that SOD1 rather than SOD2 was selectively up-

regulated in BM-MSCs in response to mechanical stretch, suggesting that SOD1 was more 

sensitive to mechanical stimulation. Different from undifferentiated BM-MSCs, it has been 

reported that the expression of SOD2 was increased by mechanical stretch in C2C12 

myoblasts [19] and by treadmill running in rat skeletal muscle tissues [33]. In human 

cartilage chondrocytes, mechanical overloading resulted in selective SOD2 down-regulation 

and subsequently an increase in mitochondrial superoxide generation [34]. However, the 

mechanisms underlying the different expression of SOD1 and SOD2 in response to 

mechanical loading are not fully understood. One explanation is that the energy metabolism 

of undifferentiated MSCs and differentiated cells (e.g., osteoblasts) is different. A recent 

study from our laboratory demonstrated a time-dependent up-regulation of both SOD1 and 

SOD2 upon the osteogenic induction of BM-MSCs, but the levels of SOD2 rather than 

SOD1 showed larger differences in late-differentiated osteoblasts compared with 

undifferentiated MSCs [35]. In the future, the effects of mechanical stretch on the 

intracellular antioxidant defense system of differentiated osteoblasts or osteocytes will be 

further investigated.

An important finding of our present study is that SIRT1 is identified as a crucial 

mechanosensitive factor, which regulates the antioxidant defense in stretch-treated BM-

MSCs. Both mRNA and protein expression of SIRT1 were up-regulated in BM-MSCs 

during cyclic stretch treatment, in accordance with the increased levels of intracellular 

antioxidant enzymes. Blockage of SIRT1 activity by Sirtinol abrogated the stimulatory effect 

of mechanical stretch on antioxidant enzyme expression. In agreement with our results, a 

previous study reported that SIRT1 was activated by mechanical stress in human periodontal 

ligament cells [36] in a force- and time-dependent manner. In addition, our results indicated 

that mechanical stretch-induced up-regulation of SIRT1 was through activation of AMPK, 

because inhibition of AMPK by CC significantly reduced the expression of SIRT1 and 

down-regulated the levels of antioxidant enzymes. Kim et al. showed that resveratrol 

prevented high-glucose-induced oxidative stress and apoptosis in the kidneys of diabetic 

mice through activation of the AMPK-SIRT1 signaling pathway [37]. The regulation of 

antioxidant enzyme expression by SIRT1 depended on its deacetylation activity on the 

transcription factor Forkhead box type O transcription factor 3a (FoxO3a) and the 

transcriptional coactivator peroxisome proliferator activated receptor γ-coactivator 1α 
(PGC-1α) [38]. SIRT1 promoted the nuclear translocation of FoxO3a and thus induced the 
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transcription of antioxidant enzymes, such as SOD2 and CAT [39]. As well, the Nrf2 

(nuclear factor-E2 related factor 2)/ARE (antioxidant response element) signaling pathway 

was possibly involved in the molecular mechanisms in terms of SIRT1-mediated antioxidant 

protection from oxidative stress [40]. Therefore, further investigations are necessary to 

explore the role of SIRT1 and the subsequent signaling pathways in the stretch-induced 

antioxidant responses in BM-MSCs.

Mechanical loading has been proven to regulate the osteogenic differentiation of MSCs and, 

in the present study, we showed that cyclic stretch at 2.5% and 5% magnitude improved 

osteogenesis in BM-MSCs, as evidenced by enhanced matrix mineralization and increased 

gene expression of osteogenic markers. Analysis of the global gene expression revealed that 

mechanical stretch regulated biological processes associated with osteogenic differentiation. 

For example, exposure of MSCs to cyclic stretch resulted in up-regulation of anabolic 

processes, such as extracellular matrix (ECM) organization, bone mineralization, and 

collagen fibril organization. On the other hand, several catabolic processes were down-

regulated, including ECM disassembly and proteolysis. These results indicated that 

mechanical stretch facilitated osteogenesis of BM-MSCs by promoting ECM synthesis. In 

addition, stretch-induced activation of SIRT1 might contribute to enhanced osteogenic 

differentiation. SIRT1 promoted the lineage commitment of MSCs to osteogenesis by 

enhancing the transcriptional activity of FoxO3a and up-regulating the expression of 

RUNX2, which was critical in regulating transcription of downstream osteoblast-specific 

marker genes [41]. Inhibition of SIRT1 using Sirtinol or silencing its gene expression by 

RNA interference suppressed osteogenesis of human periodontal ligament cells [42]. 

Consistently, our results confirmed that inhibition of SIRT1 by Sirtinol treatment 

significantly suppressed stretch-induced osteogenesis. Apart from the direct stimulatory 

effect, the SIRT-mediated antioxidant effect could benefit the maturation of BM-MSCs 

toward osteoblasts. Recently, we reported that the SIRT1 signaling pathway was actively 

involved in MSC osteogenesis. A positive relationship between SIRT1 and intracellular 

antioxidant enzymes was observed, which accounted for the enhanced resistance to 

oxidative stress upon osteogenic differentiation [43]. In addition, Ho et al. observed elevated 

levels of intracellular H2O2 in long-term cultured human MSCs that were responsible for the 

decline of osteogenic differentiation capacity. Scavenging of H2O2 using NAC restored the 

osteogenic capacity of senescent MSCs by increasing the expression of V-maf 

musculoaponeurotic fibrosarcoma oncogene homolog (c-MAF), which is an osteogenic and 

age-sensitive transcription factor [44]. Choi et al. used an intracellular delivery system with 

a cell-penetrating peptide to successfully deliver SOD1 into human dental pulp stem cells 

and it was shown effective for reversing the inhibition of osteoblastic differentiation and 

down-regulation of osteogenic gene markers induced by H2O2 [45].

However, the beneficial effects of mechanical stimulation on osteogenesis is dependent on 

the stretch magnitude. We found that exposure of BM-MSCs to 10% stretch showed no 

effect on osteogenic differentiation. Compared with the 5% stretch group, the activity and 

expression of ALP in BM-MSCs subjected to 10% stretch were significantly lower, 

suggesting that excessive stretch might have an adverse effect on cell differentiation. In 

addition, the types of mechanical strain application are important to affect stem cell behavior 

and functions. Different from the intermittent stretch loading that stimulated BM-MSCs for 
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2 h every day in this study, continuous cyclic mechanical tension showed inhibitory effects 

on the expression of osteogenic genes such as RUNX2 in human BM-MSCs [46]. 

Furthermore, age is another essential factor for regulating MSC functions in response to 

mechanical loading. Tan et al. showed that cyclic stretch resulted in significantly decreased 

osteogenesis in MSCs from adult rats, but enhanced osteogenesis in MSCs from young rats. 

The compromised osteogenesis in aged MSCs was caused by stretch-induced ROS over-

production and reduced SOD1 activity [47].

Conclusions

In summary, we demonstrated that cyclic stretch induced antioxidant responses and 

improved the osteogenic differentiation of human BM-MSCs. The stretch-induced up-

regulation of intracellular antioxidant enzymes, especially SOD1 in BM-MSCs, was through 

activation of the AMPK-SIRT1 signaling pathway. Our findings uncovered a critical role of 

SIRT1 as a mechanosensitive factor in regulating intracellular ROS and the antioxidant 

defense system in response to mechanical stimulation. We also showed that the enhanced 

antioxidant functions and osteogenic differentiation of BM-MSCs were counteracted by 

excessive mechanical stretch. Taken together, our findings indicate that appropriate 

mechanical stimulation can maintain redox balance and benefit bone regeneration.
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Abbreviations

ALP Alkaline phosphatase

AMPK AMP-activated protein kinase

ARE antioxidant response element

BGLAP bone gamma carboxyglutamate protein

BM-MSCs bone marrow-derived mesenchymal stem cells

CAT catalase

CC Compound C

CCK-8 cell counting kit-8

CTRL control
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DCFH-DA 2′,7′ dichlorofluorescein diacetate

ECM extracellular matrix

ERK1/2 extracellular-regulated kinase 1/2

FoxO3a Forkhead box type O transcription factor 3a

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GPx1 glutathione peroxidase 1

H2O2 hydrogen peroxide

MSCs mesenchymal stem cells

NAC N-acetyl cysteine

Nrf2 nuclear factor-E2 related factor 2

PBS phosphate buffered saline

ROS reactive oxygen species

RUNX2 runt-related transcription factor 2

SIRT1 silent information regulator type 1

SOD superoxide dismutase

TLR Toll-like receptor

TNFα tumor necrosis factor α
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Highlights

• Mechanical stretch induces antioxidant responses in BM-MSCs.

• Intracellular ROS formation is attenuated by cyclic stretch.

• Stretch-mediated antioxidant effect is via activation of AMPK and SIRT1.

• Appropriate stretch promotes osteogenic differentiation of BM-MSCs.

• Excessive stretch has an adverse effect on cellular antioxidant system.
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Figure 1. 
Effects of mechanical stretch on cell morphology and proliferation of BM-MSCs. Cells were 

subjected to cyclic stretch for 3 days (2 h per day) at the magnitudes of 2.5%, 5%, and 10%. 

Cells cultured under static conditions served as the control (CTRL). (A) Cell cytoskeleton F-

actin was labeled by rhodamine phalloidin. Longitudinal stretch induced BM-MSCs toward 

a slender and spindle-like cell shape. Scale bar = 100 μm. (B) Cell proliferation was 

quantified at days 1, 3, 5, 7. Data are presented as the mean ± S.E.M. of four independent 

experiments (n = 4). Statistically significant differences are indicated by * p < 0.05 between 

the indicated groups.
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Figure 2. 
Global gene expression profile of stretch-treated and static BM-MSCs. Cells were exposed 

to cyclic stretch of 5% for 3 days and gene expression was analyzed by cDNA microarray. 

Cells cultured under static conditions served as the control (CTRL). (A) The differently 

expressed genes in BM-MSCs in response to mechanical stretch are illustrated as a heat 

map. The color bars on the left of the heat map indicate gene expression level, with redder 

being higher and greener being lower. (B) GO analysis of the up-regulated gene clusters in 

stretch-treated BM-MSCs compared with static cells.GO analysis of the down-regulated 

gene clusters in stretch-treated BM-MSCs compared with static cells.
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Figure 3. 
Effects of mechanical stretch on the levels of intracellular antioxidant enzymes in BM-

MSCs. Cells were subjected to cyclic stretch for 2 h per day at the magnitudes of 2.5%, 5%, 

and 10%. Cells cultured under static conditions served as the control (CTRL). (A-B) After 3 

days of stretch, the mRNA levels of SOD1 (A) and SOD2 (B) in BM-MSCs were quantified 

using RT-qPCR. (C) Effects of cyclic stretch on the activity of SOD in BM-MSCs. (D) The 

protein levels of SOD1 and SOD2 in stretch-treated BM-MSCs were determined by western 

blot. (E-F) The mRNA levels of CATand GPX1 (F) in BM-MSCs were quantified using RT-

qPCR. (G) The protein levels of CAT and GPx1 in stretch-treated BM-MSCs were 

determined by western blot. Data are presented as the mean ± S.E.M. of four independent 

experiments (n = 4) in RT-qPCR and SOD activity experiments. Statistically significant 
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differences are indicated by * where p < 0.05 between the indicated groups and # where p < 

0.05 vs. the CTRL group.
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Figure 4. 
Stretch-induced antioxidant effect on BM-MSCs was through activation of the AMPK-

SIRT1 signaling pathway. Cells were exposed to cyclic stretch for 3 days (2 h per day) at the 

magnitudes of 2.5%, 5%, and 10%. Cells cultured under static conditions served as the 

control (CTRL). (A) Intracellular ROS of stretch-treated BM-MSCs were determined by 

flow cytometry. (B) Quantification data showed that cyclic stretch of 2.5% and 5% 

attenuated the levels of intracellular ROS in BM-MSCs. Data are presented as the mean ± 

S.E.M. of four independent experiments (n = 4) in ROS assays. (C) The mRNA levels of 
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SIRT1 in BM-MSCs were quantified using RT-qPCR. Data are presented as the mean ± 

S.E.M. of four independent experiments (n = 4) in RT-qPCR experiments. (D-E) The protein 

levels of SIRT1 in BM-MSCs were determined using western blot assays. (F-G) The 

phosphorylation levels of AMPK in BM-MSCs were determined using western blot assays. 

Data are presented as the mean ± S.E.M. of three independent experiments (n = 3) in 

western blot assays.Statistically significant differences are indicated by * where p < 0.05 

between the indicated groups and # where p < 0.05 vs. the CTRL group.
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Figure 5. 
Effects of mechanical stretch on the osteogenic differentiation BM-MSCs. Cells were 

exposed to cyclic stretch for 2 h per day at the magnitudes of 2.5%, 5%, and 10%. Cells 

cultured under static conditions served as the control (CTRL). (A) After a 7-day induction, 

intracellular alkaline phosphatase (ALP) stain was used as a marker of the early stage of 

osteogenesis. Scale bar = 200 μm. (B) Quantification of ALP activity in stretch-treated BM-

MSCs. (C) The mRNA levels of ALP in stretch-treated BM-MSCs were quantified using 

RT-qPCR. (D) After 14 days of osteogenic differentiation, matrix mineralization was stained 
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using Alizarin Red S. Scale bar = 200 μm. (E) Quantification of the stained mineral layers in 

stretch-treated BM-MSCs. (F-H) The mRNA levels of late-differentiated osteoblast marker 

genes, including BGLAP (F), RUNX2 (G), and SP7 (G) were quantified using RT-qPCR. 

Data are presented as the mean ± S.E.M. of four independent experiments (n = 4) in ALP 

activity, Alizarin Red S staining, and RT-qPCR experiments. Statistically significant 

differences are indicated by * where p < 0.05 between the indicated groups and # where p < 

0.05 vs. the untreated cells.
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Figure 6. 
Effects of pre-treatment with Compound C (CC) or Sirtinol on stretch-activated AMPK-

SIRT1 signaling pathway. BM-MSCs were pre-treated with 10 μM CC (an AMPK inhibitor) 

or 40 μM Sirtinol (a SIRT1 inhibitor) for 2 h, and then subjected to cyclic stretch of 5% for 3 

days (2 h per day). (A) The phosphorylation levels of AMPK were measured by western blot 

assays. (B-C) Quantification of phosphorylation levels and total expression of AMPK in 

BM-MSCs. (D) The mRNA levels of SIRT1 were quantified using RT-qPCR. Data are 

presented as the mean ± S.E.M. of four independent experiments (n = 4) in RT-qPCR 

experiments. (E-F) The protein levels of SIRT1 were quantified by western blot assays. Data 

are presented as the mean ± S.E.M. of three independent experiments (n = 3) in western blot 

assays. Statistically significant differences are indicated by * where p < 0.05 between the 

indicated groups and # where p < 0.05 vs. the untreated cells.
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Figure 7. 
Inhibition of AMPK or SIRT1 abrogated stretch-induced antioxidant responses in BM-

MSCs. Cells were pre-treated with CC or Sirtinol for 2 h, and then subjected to cyclic 

stretch of 5% for 3 days (2 h per day). (A-D) The mRNA levels of SOD1 (A), SOD2 (B), 

CAT (C), and GPX1 (D) in BM-MSCs were quantified using RT-qPCR. Data are presented 

as the mean ± S.E.M. of four independent experiments (n = 4) in RT-qPCR experiments. (E-

F) The protein levels of SOD1, SOD2, CAT, and GPx1 in BM-MSCs were determined using 

western blot assays. Statistically significant differences are indicated by * where p < 0.05 

between the indicated groups and # where p < 0.05 vs. the untreated cells. Data are presented 

as the mean ± S.E.M. of three independent experiments (n = 3) in western blot assays. 

Statistically significant differences are indicated by * where p < 0.05 between the indicated 

groups and # where p < 0.05 vs. the untreated cells.
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Figure 8. 
Inhibition of AMPK or SIRT1 suppressed the osteogenic differentiation of stretch-treated 

BM-MSCs. Cells were incubated in osteogenic differentiation medium supplemented with 

10 μM CC (an AMPK inhibitor) or 40 μM Sirtinol (a SIRT1 inhibitor) and were exposed to 

cyclic stretch for 2 h per day at the magnitude of 5%. Cells cultured under static conditions 

served as the control (CTRL). (A) After 14 days of osteogenic differentiation, matrix 

mineralization was stained using Alizarin Red S. Scale bar = 200 μm. (B) Quantification of 

the stained mineral layers in differentiated BM-MSCs. (C-E) The mRNA levels of late-

differentiated osteoblast marker genes, including BGLAP (C), RUNX2 (D), and SP7 (E) 
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were quantified using RT-qPCR. Data are presented as the mean ± S.E.M. of four 

independent experiments (n = 4) in Alizarin Red S staining and RT-qPCR experiments. 

Statistically significant differences are indicated by * where p < 0.05 between the indicated 

groups and # where p < 0.05 vs. the untreated cells.
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Table 1.

Primers used for RT-qPCR

Gene Forward Primer sequence(5’−3’) Reverse Primer sequence(5’−3’)

GAPDH AGAAAAACCTGCCAAATATGATGAC TGGGTGTCGCTGTTGAAGTC

SOD1 GGTGGGCCAAAGGATGAAGAG CCACAAGCCAAACGACTTCC

SOD2 GGGGATTGATGTGTGGGAGCACG AGACAGGACGTTATCTTGCTGGGA

CAT TGGGATCTCGTTGGAAATAACAC TCAGGACGTAGGCTCCAGAAG

GPX1 TATCGAGAATGTGGCGTCCC TCTTGGCGTTCTCCTGATGC

SIRT1 GCGGGAATCCAAAGGATAAT CTGTTGCAAAGGAACCATGA

ALP AGCACTCCCACTTCATCTGGAA GAGACCCAATAGGTAGTCCACATTG

BGLAP GAGCCCCAGTCCCCTACC GACACCCTAGACCGGGCCGT

RUNX2 AGAAGGCACAGACAGAAGCTTGA AGGAATGCGCCCTAAATCACT

SP7 CCTCTGCGGGACTCAACAAC AGCCCATTAGTGCTTGTAAAGG
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