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Abstract. Poor viability of transplanted bone marrow mesen-
chymal stem cells (BMSCs) is well‑known, but developing 
methods for enhancing the viability of BMSCs requires further 
investigation. The aim of the present study was to elucidate 
the effects of infrasound on the proliferation and apoptosis of 
BMSCs, and to determine the association between survivin 
expression levels and infrasound on BMSCs. Primary BMSCs 
were derived from Sprague Dawley rats. The BMSCs, used at 
passage three, were divided into groups that received infra-
sound for 10, 30, 60, 90 or 120 min, and control groups, which 
were exposed to the air for the same durations. Infrasound 
was found to promote proliferation and inhibit apoptosis in 
BMSCs. The results indicated that 60 min was the most suit-
able duration for applied infrasound treatment to BMSCs. The 
protein and mRNA expression levels of survivin in BMSCs 
from the two treatment groups that received 60 min infrasound 
or air, were examined by immunofluorescence and quantitative 
polymerase chain reaction. Significant differences in survivin 
expression levels were identified between the two groups, 
as infrasound enhanced the expression levels of survivin. In 
conclusion, infrasound promoted proliferation and inhibited 
apoptosis in BMSCs, and one mechanisms responsible for the 
protective effects may be the increased expression levels of 
survivin.

Introduction

Stem cells possess the potential to differentiate into specific 
cell phenotypes, and numerous recent studies have focused on 
stem cell properties. Bone marrow mesenchymal stem cells 
(BMSCs) are of interest as these cells can be easily isolated 
from a small aspirate of bone marrow and have few ethical 

limitations (1). Therefore, BMSCs are considered the most 
suitable stem cells for research  (1). A number of studies 
have induced BMSC differentiation into different cell types 
in  vitro, including chondrocytes, osteoblasts, adipocytes 
and myoblasts  (2). Another area of research concerns the 
replacement of impaired tissue through transplantation of 
BMSCs  (3,4). Studies have indicated that BMSCs signifi-
cantly enhance motor function recovery when transplanted 
into animal models with cerebral infarction, subcortical 
capsular infarction and traumatic brain injury (3,4). BMSCs 
have shown great promise in tissue repair; however, the poor 
viability of transplanted BMSCs has limited the therapeutic 
potential (5,6). Therefore, enhancing the survival of BMSCs 
requires further investigation. Certain studies have found that 
continuous perfusion stimulates the proliferation of human 
BMSCs. Furthermore, reducing the fluid flow rate while 
maintaining a constant peak fluid shear stress is associated 
with alterations in BMSC proliferation (7,8). These studies 
suggest that proliferation of BMSCs is affected by mechanical 
stimulation.

Infrasound refers to inaudible noise at a frequency <20 Hz 
and may be considered to consist of mechanical vibrations that 
are difficult to detect with the human ear (9). The effects of 
infrasound are disputed, with some researchers suggesting that 
infrasound is hazardous to the human body (10,11). Infrasound 
frequencies at 8 Hz, 130 dB, have been demonstrated to impair 
the rat myocardium and induce elevated levels of intracellular 
calcium ions in the hippocampal cells of the rat brain (10,11). 
However, a previous study has shown that infrasound with 
the sound pressure level <90 dB improved the motor function 
of rats following middle cerebral artery occlusion (12). Thus 
infrasound with a high sound pressure level >90 dB may 
impair tissue, while low pressure levels <90 dB may be benefi-
cial. The aim of the present study was to investigate whether 
infrasound with a low sound pressure level <90 dB alters the 
proliferation and apoptosis of BMSCs.

Survivin is a member of the inhibitor of apoptosis (IAP) 
family and is specifically expressed at the G2/M phase of the 
cell cycle. Histological examination has revealed that survivin 
is expressed in growing tissues, such as the thymus, testis and 
the intestine of adult mice, and numerous embryonic tissues, 
but not in mature tissues (13). IAP proteins comprise a highly 
conserved gene family that prevent cell death in response to a 
variety of stimuli (14). Survivin has been implicated in multiple 
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essential functions, including cell division, programmed cell 
death or apoptosis, the cellular stress response and checkpoint 
mechanisms of genomic integrity (15). One study found ~83% 
BMSCs expressed survivin, with more marked staining in the 
nucleus than in the cytoplasm (16).

In the present study, the effects of infrasound on the prolif-
eration and apoptosis of BMSCs were analyzed. Evidence 
indicates that survivin may mediate changes in BMSC biolog-
ical behavior following infrasound treatment (14-16). Thus the 
present study was designed to investigate the association of 
survivin expression levels with the effects of infrasound on 
BMSCs at the molecular level.

Materials and methods

Infrasound device. The infrasound device (Chi‑8™) used 
in the present study was manufactured by the Chi Institute 
(San Juan Capistrano, CA, USA). The device consisted of 
two sections containing the transmitting probe and the 
mainframe. The infrasound device consists of three options, 
for which option thre was used for this study, producing a 
frequency of 4‑20 Hz and a sound pressure level of 79‑86 dB. 
A previous study suggested that the this setting exerted a 
protective effect on rats with cerebral ischemia‑reperfusion 
injury (12).

Animal experiments and ethical approval. BMSCs were 
harvested from female Sprague Dawley rats (weight, 100 g; age, 
4 weeks) provided by the Animal Center of the Southern Medical 
University (Guangzhou, China). All experimental procedures 
on the rats were approved by the Animal Ethics Committee 
of Nanfang Hospital (Permit number: NFYY20120128; 
Guangzhou, China). The rats were anesthetized with 10% 
chloral hydrate and then sacrificed by cervical dislocation.

BMSC harvest and culture. The rat femora and tibiae were 
aseptically excised and the epiphyses of the bones were 
removed. The bone marrow was flushed from the shaft with 
Dulbecco's modified Eagle's medium (DMEM)/F12 (Hyclone, 
Waltham, MA, USA) using a 20‑gauge needle. The bone 
marrow suspension was disaggregated by pipetting several 
times and the cells were collected by centrifugation (2,200 x g, 
5 min) (17). The cells were then cultured in DMEM/F12 with 
10% fetal bovine serum (Gibco‑BRL, Carlsbad, CA, USA) 
containing 100 µl/ml penicillin‑streptomycin in 25 cm2 cell 
culture flasks (Corning Inc., Acton, MA, USA). The cells were 
incubated at 37˚C in a 5% CO2 atmosphere. After 48 h, non 
adherent cells were removed using phosphate buffer saline 
(PBS; Boster Biological Tech Ltd, Wuhan, China) to rinse 
the cells. The culture mediun was replaced every second or 
third day. When the cells reached 85% confluence, the primary 
culture was subcultured 1:2; third‑passage BMSCs were used 
in the present study.

Characterization of BMSCs by immunophenotype. The 
third‑passage BMSCs were dissociated with 0.25% trypsin 
and suspended at a concentration of 5x105 cells/ml in PBS. 
A volume of 1 ml cell suspension was pipetted into a 1.5 ml 
tube. CD29‑PE/CY5, CD45‑fluorescein isothiocyanate (FITC) 
and CD90‑APC/CY7 (BioLegend, Inc., San  Diego, CA, 

USA) were added to the respective tubes and the tubes were 
incubated for 30 min at room temperature in the dark. The 
control group was absent of these antibodies. Flow cytometric 
analysis was performed to measure the positive rate using a 
BD LSRFortessa and Facsdiva 6.2 software (BD Biosciences, 
San Jose, CA, USA).

Infrasound and control treatments. The third‑passage BMSCs 
were detached with 0.25% trypsin and resuspended in a 5 ml 
tube with DMEM/F12 in 10% fetal bovine serum, then divided 
into infrasound and control groups. The infrasound groups 
were exposed to infrasound and the control groups were 
exposed to air. The durations of the two treatments were 10, 
30, 60, 90 and 120 min. Following the interventions, the cells 
were immediately incubated at 37˚C in a CO2 atmosphere for 
72 h. The BMSCs in each group were seeded in 96‑well plates 
for the proliferation assay or in a 6 cm culture dish for the 
apoptosis assay. In addition, BMSCs from the two groups that 
received 60 min infrasound or air treatment were seeded in 
24‑well plates containing 1x1 mm coverslips for immunofluo-
rescence analysis and 6‑well plates for quantitative polymerase 
chain reaction (qPCR).

Evaluation of cell proliferation by cell counting kit (CCK) 
assay. In order to evaluate the proliferation ability of the 
BMSCs, a CCK (Dojindo, Kunamoto, Japan) assay was 
performed. A volume of 10 µl CCK reagent was added to the 
wells and the cells were then incubated at 37˚C for 3 h until the 
emergence of an orange supernatant. The optical density (OD) 
was measured at 630 nm.

Measurement of apoptotic cells. The BMSCs were dissoci-
ated with 0.25% trypsin, centrifuged at 2,200 x g for 5 min, 
then suspended at a concentration of 5x105 cells/ml with PBS. 
The Annexin V‑FITC Apoptosis Assay kit (Nanjing Keygen 
Biotech. Co., Ltd., Nanjing, China) was used for the assay. 
The cell suspension was rinsed with PBS and centrifuged 
again, and the cells were then suspended in 500 µl buffer. 
Annexin V‑FITC and propidium iodide were added to the cell 
suspension and incubated for 10 min at room temperature in 
the dark according to the manufacturer's instructions. Flow 
cytometry was conducted to analyze the results.

Survivin immunohistochemistry. Immunohistochemistry of 
survivin expression was performed on only the 60 min infra-
sound and control groups. The BMSCs on coverslips were 
fixed with fresh 4% paraformaldehyde for 30 min. Subsequent 
to washing with PBS three times and permeabilization with 
0.25% TX‑100 for 20 min, the cells were blocked for 40 min 
at room temperature with 5% bovine serum albumin (Boster 
Biological Technology, Ltd., Wuhan, China). The cells were 
then incubated at 4˚C overnight with primary antibody against 
survivin (Bioworld Technology, Inc., St. Louis Park, MN, USA). 
Following washing, the cells were incubated at room tempera-
ture with secondary Alexa Fluor 594 goat anti‑rabbit antibodies 
(Invitrogen Life Technologies, Carlsbad, CA, USA) for 1 h. 
The cells were washed again and incubated with DAPI (Boster 
Biological Technology, Ltd.) for 5 min. The fluorescent signals 
were visualized under a confocal laser microscope (Olympus, 
Tokyo, Japan).
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qPCR of survivin mRNA. The BMSCs were harvested and 
homogenized for RNA extraction with TRIzol™ reagent 
(Invitrogen Life Technologies). Messenger RNA was 
reverse‑transcribed to cDNA using Primescript RT Reagent kit 
(Takara Bio, Inc., Shiga, Japan). qPCR was then conducted to 
measure the survivin mRNA expression level. The expression 
levels of the β‑actin housekeeping gene were measured as a 
control. The primer sequences are shown in Table I. A volume 
of 2 µl total cDNA from each sample was amplified in a final 
volume of 25 µl reaction mixture containing SYBR® Green I 
(Takara Bio Inc., Shiga, Japan) using the Applied Biosystems 
7500 Fast Real‑Time PCR system (Applied Biosystems, Inc., 
Foster City, CA, USA). The cycling conditions were as follows: 
95˚C for 30 sec, 40 cycles at 95˚C for 5 sec and 34 sec at 60˚C.

Statistical analysis. All the results are presented as the 
means ± standard deviation for each group. The data were 
analyzed using SPSS software (SPSS, Inc., Chicago, IL, USA). 
Two‑group comparisons were analyzed with Student's t‑test. 
Comparisons among more than two groups were analyzed 
with one‑way analysis of variance. A P<0.05 was considered 
to indicate a statistically significant difference.

Results

Immunophenotyping of BMSCs. Flow cytometry was used to 
determine the phenotype of the BMSCs through analysis of 
cell‑surface markers. The results revealed positive expression 
of CD90 and CD29 and negative expression of CD45 marker 
of hemopoietic stem cells. The characteristics of the cells was 
in accordance with a BMSC phenotype.

Effects of infrasound on BMSC proliferation. The OD of 
the groups receiving 10, 30, 60, 90 and 120 min infrasound 
or air treatment was measured by the CCK method (Fig. 1). 
The results revealed significant differences in the OD among 
the 10, 30, 60, 90 and 120 min infrasound groups (P<0.05). 
The maximum OD was observed in the group receiving 
60 min infrasound. The mean ODs for each of the five control 
subgroups were observed to be sequentially reduced with 
increasing treatment times. When the 60 min infrasound and 
control treatments were compared, a significant elevation in 
the OD was detected in the infrasound group (P<0.01). A 
significant difference was also observed between the 30 min 
infrasound group and the corresponding control group 
(P<0.05); however, the 60 min infrasound group exhibited the 
greatest level of proliferation in BMSCs.

Effects of infrasound on BMSC apoptosis. BMSC apoptosis 
was analyzed by flow cytometry (Fig. 2). The apoptotic rates 
of BMSCs in the infrasound groups were compared with those 
of the respective control groups; the results revealed significant 
reductions in apoptosis in the 10 and 60 min infrasound groups 

Table I. Primers used for quantitative polymerase chain reaction.

Gene	 Primer sequence	 Length (bp)	 Accession no.

β-actin	 Forward: 5'-TTGGTGGCTCTATCCTGGCCTC-3'	 131	 NM_031144.2
	 Reverse: 5'-AAACGCAGCTCAGTAACAGTCCG-3'
Survivin	 Forward: 5'-ACTGCCCTACCGAGAATGAG-3'	 109	 NM_022274.1
	 Reverse: 5'-GAGTGCTTCCTATGCTCCTCT-3'

bp, base pairs.

Figure 1. Proliferation of bone marrow mesenchymal stem cells (BMSCs). In 
order to elucidate the effects of infrasound on BMSCs, five treatment durations 
were used. Durations of 30 and 60 min infrasound induced greater BMSC 
proliferation as compared with those of the respective control groups. The 
mean optical density (OD) of the five control treatment subgroups was reduced 
with increasing treatment duration. No difference was detected in the 10, 90 
and 120 min infrasound groups, or the corresponding control groups. The data 
indicated that 60 min was the most suitable duration of infrasound treatment 
to promote proliferation. Three independent assays were performed per group 
and the bars represent the means ± standard deviation; *P<0.05, **P<0.01.

Figure 2. Apoptotic rate of bone marrow mesenchymal stem cells (BMSCs). 
Flow cytometry was used to analyze the effects of infrasound on BMSC 
apoptosis. Durations of 10 and 60  min infrasound treatment inhibited 
BMSC apoptosis. A pattern of a progressive increase in the apoptotic rate 
and treatment duration was observed in the control groups. No differ-
ence was identified among the 0, 90 and 120 min infrasound groups and 
the corresponding control groups. The 60 min infrasound group exhibited 
significantly reduced apoptosis as compared with the 60 min control group. 
Three independent assays were performed per group and the bars represent 
the means ± standard deviation; *P<0.05, **P<0.01.

https://www.spandidos-publications.com/10.3892/mmr.2014.2508
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as compared with the respective control groups. Notably, no 
differences in the level of apoptosis was detected in the 30 min 
infrasound group as compared with the 30 min control group 
(P>0.05). A pattern of progressive increases in the percentage 
of apoptotic cells with increasing treatment time was observed 
in the control groups. No difference was identified between 
the 90 and 120 min infrasound groups and the corresponding 
control groups. The evidence that the apoptotic rate of the cells 
receiving 60 min infrasound exhibited a significant reduction 
as compared with the 60 min control group, indicated that 
60 min may be a suitable duration for infrasound treatment to 
inhibit BMSC apoptosis.

Effects of infrasound on the protein and mRNA expression 
levels of survivin. As determined by the results of the prolifera-
tion and apoptosis assays of BMSCs, 60 min was considered the 
most suitable treatment duration. Therefore, only the 60 min 
infrasound and control groups were used for the measurement 
of survivin expression levels. The fluorescence intensity of 
survivin and the percentage of positive‑staining BMSCs in the 
infrasound group were significantly higher than those of the 
control group (P<0.05; Fig. 3A and B). The relative expres-
sion level of survivin mRNA in the infrasound group was 
significantly increased as compared with that of the control 
group (Fig. 3C). These data suggest that infrasound enhances 
survivin expression levels.

Discussion

Mechanical stimulation through infrasound is a controversial 
therapeutic method. Organisms may be considered as mechan-

ical vibration systems themselves and certain parts of the body 
exhibit natural frequencies within the range of infrasound 
frequency; thus infrasound may produce resonance reactions 
in the body, resulting in physical changes and chemical reac-
tions  (19). Due to marked penetration and low attenuation 
properties during long distance propagation (20‑22), infra-
sound of BMSCs may continue to exert effects subsequent to 
transplantation of the cells into the body. Therefore the aim of 
the present study was to investigate the effects of infrasound 
with a low sound pressure level (<90 dB) on BMSCs in vitro.

BMSCs, also known as marrow mesenchymal cells or 
mesenchymal progenitor cells, are defined as self‑renewable, 
multipotent progenitor cells with the capacity to differentiate 
into several distinct lineages (23), such as adipocytes, osteo-
blasts, vascular‑smooth muscle‑like cells and neuron‑like 
cells (24). A number of studies have focused on transplanta-
tion of BMSCs to replace impaired tissues (25‑27). Due to the 
changes in the microenvironments of damaged tissues, poor 
BMSC survival rates have been observed following BMSC 
migration into the tissues (28‑30). Therfore, improvement in 
the capacity of BMSCs to survive ischemic and hypoxic condi-
tions is required. As determined by a previous infrasound 
study, infrasound was hypothesized to exert protective effects 
on BMSCs (12). The protective effects of infrasound were, to 
the best of our knowledge, demonstrated for the first time in 
the present study.

To determine the effects of different infrasound durations 
on BMSCs, the cells were divided into infrasound and control 
groups with 10, 30, 60, 90 and 120 min treatment, and prolifer-
ation and apoptosis were measured in each group. The 10 min 
infrasound treatment was found to inhibit BMSC apoptosis but 

Figure 3. Expression levels of survivin protein and mRNA expression after 60 min infrasound or control treatment. Immunofluorescence was used to detect 
survivin protein expression levels in bone marrow mesenchymal stem cells (BMSCs). The percentage of positive-staining BMSCs was (A) 59.9±6.1 in the 
infrasound group and (B) 24.3±5.8 in the control group (P<0.05). (C) Qunatitative polymerase chain reaction was used to measure survivin mRNA expression 
levels. The relative survivin mRNA expression levels in the infrasound group were significantly higher as compared with those in the control group (P<0.01).
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exerted no effect on BMSC proliferation. Conversely, 30 min 
infrasound promoted the proliferation of BMSCs but exerted 
no effect on BMSC apoptosis. Treatments for 90 and 120 min 
in the infrasound and control groups induced a high apoptosis 
and low proliferation rate. The data demonstrated that 60 min 
infrasound, which promoted the proliferation of BMSCs and 
inhibited apoptosis, appeared to be the most suitable treat-
ment duration. Additionally, longer durations of air treatment 
induced less cell proliferation and greater apoptosis. Although 
the interference factor, was not identified, there was evidence 
of the protective effects of infrasound on BMSCs.

A previous study has indicated that the apoptosis‑inducing 
effects of higher frequencies of infrasound on cardiac 
myocytes are mediated by upregulating the expression of 
proapoptotic proteins and downregulating the expression of 
anti‑apoptotic proteins  (31). Another study suggested that 
survivin expression levels are cell cycle‑dependent and may 
inhibit cell apoptosis (16). Thus, further studies are required 
to investigate the survivin response to a variety of different 
frequencies of ultrasound.

In the present study, a suitable duration of infrasound treat-
ment, at a frequency of 4‑20 Hz and sound pressure level of 
79‑86 dB, was found to be 60 min. Therefore, 60 min may be 
considered as a standard reference time of BMSC infrasound 
treatment at this frequency. In order to elucidate the associa-
tion between the protective effects of infrasound on BMSCs 
and survivin expression levels, the expression levels of survivin 
in the 60 min infrasound and control groups were analyzed 
by immunofluorescence and qPCR. Survivin is a member 
of the IAP family and is specifically expressed at the G2/M 
cell cycle phase. A number of studies have investigated the 
function of survivin. For example, overexpression of survivin 
may augment thymocyte proliferation (13). When MSCs were 
co‑cultured with U299 and H299 myeloma cell lines, the 
MSCs exerted an anti‑apoptotic effect on the myeloma cells, 
which was mediated by survivin (32). This evidence indicates 
that survivin promotes the proliferation of cells and inhibits 
apoptosis. The data from the survivin immunofluorescence 
assay of BMSCs in the present study revealed that the fluo-
rescence intensity, and thus the survivin expression levels, 
were significantly greater in the infrasound group than in the 
control group. In addition, the expression levels of survivin 
mRNA in the infrasound group were significantly higher 
than those in the control group. The results demonstrated that 
infrasound enhances survivin expression levels. The change 
in survivin expression levels between the two groups may 
be partly responsible for the protective effect of infrasound 
on BMSCs. Due to the complex process of survivin expres-
sion (33) and the effects of the Notch signaling pathway on 
proliferation and apoptosis (34), it remains unclear whether 
the change in survivin expression levels induced by infrasound 
accounts directly for the effects of infrasound on the BMSCs. 
Inhibition of the signaling pathway regulating survivin expres-
sion may be performed to further analyze this association in 
future studies.

In conclusion, the present study confirms the protective 
effects of infrasound on BMSCs. Further studies are required 
to focus on the protective effects of infrasound on BMSC 
transplantation in the treatment of cerebral ischemia, as 
other studies have indicated that BMSCs repair the ischemic 

zone (35,36). Evidence that hypoxia induces BMSC differentia-
tion (37) and that infrasound enhances the viability of BMSCs 
indicate that infrasound may be a supplementary method in 
the transplantation of BMSCs to treat cerebral ischemia.
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