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Abstract

Low magnitude high frequency vibration (LMHFV) has been mainly reported for its influence

on the musculoskeletal system, particularly the bone tissue. In the bone structure, osteo-

genic activity is the main focus of study with regards to LMHFV. However, adipogenesis,

another important mode of differentiation in the bone marrow cavity that might be affected

by LMHFV, is much less researched. Furthermore, the molecular mechanism of how

LMHFV influences adipogenesis still needs to be understood. Here, we tested the effect of

LMHFV (0.3g, 40 Hz, amplitude: 50μm), 15min/d, on multipotent stem cells (MSCs), which

are the common progenitors of osteogenic, chondrogenic, adipogenic and myogenic cells. It

is previously shown that LMHFV promotes osteogenesis of MSCs. In this study, we further

revealed its effect on adipo-differentiation of bone marrow stem cells (BMSCs) and studied

the underlying signaling pathway. We found that when treated with LMHFV, the cells

showed a higher expression of PPARγ, C/EBPα, adiponectin and showed more oil droplets.

After vibration, the protein expression of PPARγ increased, and the phosphorylation of p38

MAPK was enhanced. After treating cells with SB203580, a specific p38 inhibitor, both the

protein level of PPARγ illustrated by immunofluorescent staining and the oil droplets num-

ber, were decreased. Altogether, this indicates that p38 MAPK is activated during adipogen-

esis of BMSCs, and this is promoted by LMHFV. Our results demonstrating that specific

parameters of LMHFV promotes adipogenesis of MSCs and enhances osteogenesis,

highlights an unbeneficial side effect of vibration therapy used for preventing obesity and

osteoporosis.

Introduction

Low magnitude high frequency vibration (LMHFV) is defined as LM< 1×g, (1g = 9.8m/s2)

and HF = 20–90 Hz[1]. It can be applied by placing a subject on a vibrating platform or

vibrating cells seeded in culture plates or 3D structures[2]. LMHFV is becoming a potential

approach to repair and regenerate the musculoskeletal system[2], and lose weight[3]. Most in
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vivo and in vitro trials have shown that LMHFV exerts anabolic effects on skeletal metabolism

by promoting osteogenic activity[1,4–6]. In the marrow cavity, there is a balance between

bone and adipose tissue[7]. New strategies that are being designed to prevent osteoporosis

involve regulating the fate of the progenitor, mesenchymal stem cells (MSCs), which are capa-

ble of differentiation into osteoblasts, adipocytes, fibroblasts, chondrocytes, and myocytes[8].

Therefore, if LMHFV could bias the fate of MSCs in the bone marrow cavity to osteogenic

lineage, it would be beneficial for the bon etissue. Vibration promoting osteogenesis of MSCs

has been studied: research has shown that MSC under "nanokicking" (1kHZ vibration), can

achieve osteogenesis[9]; the application of low intensity pulsed ultrasound can restore osteo-

genesis in Ad-hMSCs[10]. However, the effect of vibration on adipogenesis in the bone mar-

row cavity within the body is much less researched. Since the LMHFV (0.3g, 40Hz) has been

shown to promote MSCs differentiating to osteogenic lineage[1, 11], in our work, we wanted

to test how this vibration affected adipogenic differentiation of BMSCs. If the adipogenesis

were inhibited, it would support the application of LMHFV in clinical therapies more reason-

ably and safely.

p38 MAPK along with extracellular signal-regulated kinases (ERK), Jun N-terminal kinases

(JNK) and ERK5 constitute the mitogen activated protein kinases (MAPKs), which are evolu-

tionarily conserved enzymes that trigger a wide range of cellular responses to deal with extra-

cellular stimuli. MAPKs are signal components that are characterized by a core triple kinase

cascade. Initially, an upstream signaling protein activates a MAP kinase kinase kinase

(MAPKKK), which then phosphorylates a MAP kinase kinase (MAPKK). And the activated

MAPKK phosphorylates the third layer of the cascade, MAPK[12]. P38 can be activated by

extracellular stimuli such as UV light, inflammatory cytokines, heat, osmotic shock and growth

factors, thus playing key roles in inflammation, apoptosis, cardiomyocytes hypertrophy, senes-

cence and tumor suppression, as well as in development and differentiation[13]. Many studies

describe the role of p38 MAPK ina dipogenesisof 3T3-L1 preadipocyte cell lines and MSCs.

After treatment with a highly specific p38 inhibitor SB203580, 3T3-L1 cells expressed lesser C/

EBPδ than those that were non-treated[14]. During initial differentiation of 3T3-L1preadipo-

cytes, p38 MAPK was activated, and the adipogenesis was effectively blocked by using

SB203580[15]. The mRNA expression of adipogenic genes of mouse BMSCs were downregu-

lated when phosphorylation of p38 MAPK was increased[16]. Mechanical forces have also

been reported to activate the p38 pathway. Compressive force apparently augmented the

expression of Runx2[17] and chondrocyte-specific genes[18] by inducing the phosphorylation

of p38 MAPK. Stretching force(18% strain) increased the phosphorylation of p38 in human

aortic smooth muscle cells[19]. When MSCs were subjected to combined treatment of vibra-

tion and connective tissue growth factor, p38 phosphorylation was significantly suppressed

[20].

Based on the two aspects above, previous studies have shown a close interconnection

between adipogenesis, p38 MAPK and mechanical stimuli including vibration. Thus, our

hypothesis tested if LMHFV could modulate adipo-differentiation of BMSCs through p38

MAPK pathway.

Materials and methods

Primary culture of rat BMSCs

Sprague–Dawley rats from Sichuan University West China Animal Laboratory Center were

sacrificed by dislocating the spine. The BMSCs were acquired from posterior tibias and

femurs. This research was granted permission by State Key Laboratory of Oral Disease ethics

committee. The bone marrow cells were flushed out from the marrow cavity of posterior tibia
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and femur of 3-week-old male Sprague–Dawley rats, in a culture medium consisting of

DMEM (Gibco, Grand Island, NY), 10% FBS (Gibco, Grand Island, NY) and 1% penicillin-

streptomycin. The primary cells were cultured in a humid environment of 37˚C and 5% CO2.

Non-adherent cells were discarded by changing culture medium 24 h later, and subsequently,

until the cells reached 80–90% confluent, the culture medium was replaced every 2 days. 0.25%

trypsin (Gibco BRL) was applied to detach the cells, then subculture to passage two or three

[1]. When the BMSCs were 100% confluent(Fig 1a–1c), they were used for the rest of the

experiments.

Adipogenic induction

We used OriCell™ SD Rat Mesenchymal Stem Cell Adipogenic Differentiation Medium (Cya-

gen Biosciences, Guangzhou, China). The BMSCs were transferred to adipogenic induction

medium A (1ul/ml dexamethasone, 1ul/ml rosiglitazone, and 1ul/ml isobutyl-methylxanthine

and 2ul/ml insulin), with a density of 1x106/ml. After 72 h, the medium A was replaced by adi-

pogenic induction medium B (2ul/ml insulin) for 24 h. Hence, the total induction cycle was

for96 h. In our work, 1 to 3 cycles were operated.

LMHFV application

Two types of fixators were designed for the culture flasks and plates, respectively. The fixator

can be mounted on the platform of the vibration sensor (Beijing Sending Technology, Beijing,

China; Fig 2a and 2b). After the fixator was installed horizontally, we placed the flasks or plates

Fig 1. Passage3 of BMSCs from Sprague Dawley rat under microscope(Olympus, Japan). Representative

images:(a)scale bar = 100 μm,(b)scale bar = 50 μm, (c).scale bar = 50 μm.

doi:10.1371/journal.pone.0172954.g001

Fig 2. (a)Vibration sensor with fixator for culture plates, and(b) vibration sensor with fixator for

culture flasks.

doi:10.1371/journal.pone.0172954.g002
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with BMSCs tightly on the fixator by screws. Then, the vibration (magnitude: 0.3×g, frequency:

40 Hz, amplitude: 50μm) was transmitted to cells for 15 min each day for a period of 1, 4, 8

and 14 days. Vibration and induction were carried out in the same period.

Oil red O staining

Cells after induced for 8 days, were seeded on 6-well plates (1×106/ml). After adherence, the

cells were fixed in 10% paraformaldehyde for 20 min, washed in PBS, stained with oil red o

solution (Cyagen Biosciences, Guangzhou, China) for 20 min, soaked in 60% isopropanol and

then washed with PBS. Images were captured by bright field microscope (Olympus, Tokyo,

Japan) and analyzed by software Image J (National Institute of Health, Maryland, USA).

Quantitative real-time RT-PCR

Total mRNA was extracted from specimens on day 1, 4, 8 and 14 by adding 1ml trizol

(TAKARA, Dalian, China), 200μl chloroform and 500μlisopropanol, successively. Value of A

(260) /A(280) was calculated to confirm the purity of the total RNA. Synthesis of cDNA was

performed using PrimeScript RT reagent kit with gDNA Eraser (Perfect Real Time) (Takara

Biotechnology, Dalian, China). Primers list is given in Table 1. The amplification reaction was

run in the ABI PRI SM 7300 Sequence Detection system (Applied Biosystems, Foster City, CA,

USA) using SYBR Premix Ex Taq™II(TliRNaseH Plus) Kit (Takara Biotechnology, Dalian,

China). The program was set to 3 steps with denaturation at 95˚C for 30 s, annealing at 95˚C

for 5 s and elongation at 60˚C for 31 s. Specificity of the PCR products were examined by melt-

ing curve analyses. House-keeping gene GAPDH was used to normalize the values of relative

gene expression[21].

Western blot

PPARγ, p38, phospho-p38 protein in BMSCs under different culture conditions were mea-

sured. Proteins were harvested with whole cell lysis assay kit (Keygen, Nanjing, China). Cells

were washed in cold PBS, followed by addition of 1ml lysis buffer, then agitated strongly for 4

seconds at 4˚C, and placed on the ice for 4 min. This was repeated five times. Cell lysates

acquired were centrifuged at 12,000 g for 5 min at 4˚C, then the supernatant protein was har-

vested and total protein concentration was determined using BCA protein assay kit (Keygen,

Nanjing, China). After separating the protein samples on 10% SDS-PAGE gels, transferring to

Table 1. Primers used for real-time RT-PCR.

Gene Primer sequence GeneBank accession

The house-keeping gene

GAPDH F: TATGACTCTACCCACGGCAAGT NM_002046

R: ATACTCAGCACCAGCATCACC

Adipogenic marker genes

PPARγ F: 5' TTATGGAGCCTAAGTTTGAGTTTGC 3' NM_001145366

R: 5' TTGTCTTGGATGTCCTCGATGG 3'

CEBPα F: 5' GAAGTCGGTGGATAAGAACAGCA3' NM_001287577

R: 5' CTCCAACACCTTCTGCTGCGT 3'

Adiponectin F: 5' GTCCCTCCACCCAAGGAAACT 3' NM_144744

R: 5' CTCCTGTCATTCCAGCATCTCC 3'

List of primers used in the study for gene expression analysis.

doi:10.1371/journal.pone.0172954.t001
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polyvinylidenedifluoride membranes (Millipore, USA), these membranes were immuno-

blotted by rabbit anti-PPARγ polyclonal antibody (Abcam, Cambridge, UK)) at 4˚C overnight

and incubated with secondary antibody (Abcam, Cambridge, UK)) at room temperature

for 1h. PPARγ, p38 and phospho-p38 were visualized using enhanced chemiluminescence

reagents (Millipore, USA). The immunoblots were quantified with software Image J (National

Institute of Health, Maryland, USA).

Application of SB203580

The BMSCs in adipo-induction medium without LMHFV were defined as control group.

BMSCs subjected to LMHFV (0.3×g, 40Hz) and adipogenic medium were sorted as vibration

group. To confirm the involvement of p38 in the adipogenesis of BMSCs, SB203580 (Byotime,

Shanghai, China), a highly selective inhibitor of p38 [14,15,18]was used. The inhibitor was dis-

solved in dimethyl sulphoxide (DMSO; Sigma). BMSCs were placed in adipogenic medium

with 10uM SB203580 for 2h [18]before exposure to LMHFV. The inhibitor was replenished

together with the medium in the following days. The untreated cells were cultured in the

induction medium in the same amount of DMSO (0.099%) only.

Immunofluorescence (IF) staining

Cells with or without LMHFV application and those with or without SB203580, were seeded

on millicell EZ 8-well slide. After adherence, they were washed in PBS, fixed in 4% buffered

(0.01mol/L PBS, pH 7.2, 0.1%DEPC) paraformaldehyde for 30 min at room temperature, and

blocked by 0.5% bovine serum albumin (BSA) for 15 min. After overnight incubation with

rabbit anti-PPARγ polyclonal antibody (1:60) (Abcam, Cambridge, UK)[15] at 4˚C, cells were

subsequently incubated with secondary antibody conjugated to Rhodamine (Hebei Bio-high

Technology Deve co., Hebei, China) for 20 min at 37˚C. After rinsing in PBS, cells were

observed under the Olympus IX 71 inversed fluorescent microscope (Olympus, Tokyo, Japan).

Images were captured by Image-Pro Plus version 6.0 (Media Cybernetics) and analyzed by

Image J software (National Institute of Health, Maryland, USA).

Statistical analysis

The data were presented as mean±standard deviation and analyzed using one-way ANOVA by

software SPSS, version 17.0 (SPSS Inc., Chicago, IL, USA). Statistically significant values were

considered at P<0.05. Three independent experiments were performed and all assays were

repeated twice.

Results

LMHFV increased the formation of lipid droplets during the adipogenic

process of BMSCs

After being cultured in adipogenic medium for 8 days, cells were stained by oil red o (Fig 3).

The control group showed large numbers of small oil droplets (Fig 3a and 3b). However, in

vibration group, cells with lipid droplets were much more common, and their percentage

increased from 53.75% to 71.43% upon vibration (Fig 3c–3e; P<0.01). This suggested that

LMHFV could significantly promote differentiation of adipogenesis, increasing the number of

mature adipocytes.

LMHFV and adipogenesis
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mRNA expression of adipogenic genes were strengthened by LMHFV

Quantitative real-time RT-PCR results indicated the same trend of mRNA expression for

PPARγ and C/EBPα. On day 1, 4, 8 and 14, the mRNA expression of PPARγ and C/EBPα
apparently increased after vibration, and showed the peak value on day 8(Fig 4a and 4b;

P<0.01). Similarly, after exposure to vibration, mRNA level of adiponectin increased signifi-

cantly on day 4, 8 and 14, with the highest expression on day 14(Fig 4c; P< 0.01), while show-

ing no differences on day 1.

Expression of adipogenesis related protein was promoted by LMHFV

We used PPARγ to represent an adipogenesis related protein. Western blot on day 8 revealed

that PPARγ greatly increased under LMHFV from 0.71 to 1.24(P<0.01)(Fig 5a and 5b), which

meant adipogenesis of BMSCs was boosted by vibration.

Fig 3. LMHFV increased the formation of lipid droplets during the adipogenic process of BMSCs.

BMSCs after induction for 8 days. Staining is done by oil red o staining: control group cells (a)scale

bar = 50 μm, (b)scale bar = 50 μm; vibration group cells(c) scale bar = 50 μm, (d)scale bar = 50 μm; (e)

quantification of cells with oil droplets increased by vibration, P<0.01(**).

doi:10.1371/journal.pone.0172954.g003

Fig 4. mRNA expression of adipogenic genes were strengthened by LMHFV. Effects of LMHFV on

adipogenic marker genes: when cells exposed to LMHFV, mRNA expression of (a)PPARγ, (b)C/EBPα and

(c)adiponectin, were higher; P<0.01(**).

doi:10.1371/journal.pone.0172954.g004
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LMHFV activated p38 MAPK

The results of western blot on day 1, 4 and 8 indicated phospho-p38 were upregulated under

LMHFV (Fig 6a and 6b; P<0.01). Sincephospho-p38 representsactivep38, the upregulation of

phospho-p38 implied p38 was activated by vibration.

Activated p38 MAPK increased adipogenesis of BMSCs

The protein expression of PPARγ and oil droplet numbers on day 8 were used to represent

the level of adipogenic differentiation, and were assessed by IF staining and oil red o staining,

respectively. With or without vibration, application of SB203580 suppressed PPARγ expres-

sion (Fig 7a–7e). PPAR γ positive staining decreased from 55.17% to 45.13% in control

related groups; from 64.48% to 52.87% in vibration related groups, respectively (Fig 7e;

P<0.05). Also, as expected, the formation of lipid droplets was decreased (Fig 8a–8e); after

inhibition, cells with oil droplets in control group decreased from 53.75% to 41.99%, and

those in vibartion group decreased from 71.43% to 49.83% (Fig 8e; P<0.01). Altogether, this

implied that p38 MAPK was positively involved in the progress of adipo-differentiation of

BMSCs.

Fig 5. Western blot on day 8 indicated PPAR γ protein expression was enhanced under vibration:

representative gel of PPAR γ (a) and quantification of PPARγ protein level (b); P<0.01(**).

doi:10.1371/journal.pone.0172954.g005

LMHFV and adipogenesis
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Discussion

In our work, we studied the effect of LMHFV (magnitude: 0.3×g, frequency: 40 Hz, amplitude:

50μm) on BMSCs adipo-differentiation, from the modulation of cellular and molecular levels.

When vibration was applied, the cells were cultured in adipogenic induction medium. We

Fig 6. LMHFV activated p38 MAPK. P-p38/p38 rose up by LMHFV on day 1, 4 and day 8:representative gel

of p-p38 and p38 (a), and quantification of p-p38 protein level (b);P<0.01(**).

doi:10.1371/journal.pone.0172954.g006

Fig 7. Activated p38 MAPK increased adipogenic gene expression of BMSCs. Protein level of PPAR γ
on day 8 was detected by immunofluorescence staining (scale bar = 50 μm): (a)control and (b)control+SB; (c)

vibration and(d)vibration+SB;(e)after inhibition, PPAR γ positive staining decreased, P<0.05(*).

doi:10.1371/journal.pone.0172954.g007

LMHFV and adipogenesis
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showed that LMHFV induced BMSCs to express higher adipogenic mRNA and protein levels,

and the active p38 played a positive role during the progress of LMHFV-induced adipogenesis.

PPARγ is well established as a prime regulator of differentiating adipogenic cells [22]. C/

EBPα is a key factor of adipogenesis, having an important influence on the regulation of adipo-

cyte differentiation[23], and adiponectin is one of the adipocyte predominant proteins. These

three adipogenic genes showed peak expression in different time periods in our study. On day

1, C/EBPα showed the highest gene expression; PPARγ was highly expressed on day 8; and the

expression of adiponectin kept rising from day 1 until day 14 to the highest level, which sug-

gested that these genes affected adipogenesis in their respective dominant period. After vibra-

tion, more cells showed oil droplets in their cytoplasm, implying production of more mature

adipocytes [24]. These results suggested that the LMHFV we tested could increase the commit-

ment of BMSCs to adipogenesis.

There might be two explanations for this. Firstly, MSCs were in different environments.

The key environment is of significance for lineage selection of MSCs[8]. Previous studies

which demonstrated a certain vibration strengthened osteogenesis while suppressing adipo-

genesis, were studying this indifferent cellular environments than the environment we studied:

C3H10T1/2 mesenchymal stem cells were cultured in normal culture medium with the func-

tional matrix[25]; BMSCs were harvested from male C57BL/6J mice after they were vibrated

within the mice body[8]. This implies that the BMSCs were in a much more complex body liq-

uid environment. However, in our study, BMSCs were cultured in adipo-induction medium.

In this case, extracellular fluid environment could induce MSCs to differentiation to adipo-

genic lineage, compared with the osteo-induction or the more complex liquid environment in

other studies[1,8,25]. Based on this point, we might conclude the effect of LMHFV on MSCs

lags behind that of adipo-induction medium, leading to the initial adipogenic differentiation

induced by the culture medium. Then, vibration acted on the pre-adipogenic cell lines to pro-

mote further differentiation. This deduction is consistent with the previous evidences[8,26,27].

Secondly, vibration was applied with a different scheme compared to the previous studies.

Varying application scheme has been shown to have an important effect in the outcomes of

vibration stimuli. Altering the bout or rest period could alter the results[28]. In our study,

LMHFV was added to cells 15 minutes each day, the bout was shorter and the interval period

Fig 8. Activated p38 MAPK increased adipocytes formation of BMSCs. Cells with oil droplets on day 8,

were shown by oil red o staining(scale bar = 50 μm): (a)control and(b)control+SB;(c) vibration and(d)vibration

+SB;(e)after inhibition, cells with oil droplets decreased, P<0.05(*),P<0.01(**).

doi:10.1371/journal.pone.0172954.g008
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was longer, compared with 30 min/12h[1] and 20min/d[11]). In order to verify these explana-

tions, more studies are needed to be performedin the future.

Regarding our hypothesis on p38 MAPK, it has been reported that mechanical stimuli

could activate p38 MAPK[17–20],and in our study, phospho-p38 expression was higher after

vibration, suggesting that p38 could be activated by LMHFV. Meanwhile, vibrated cells

expressing more PPARγ protein and showing more oil droplets than those non-vibrated,

revealed vibration promoted adipo-differentiation. On the other hand, previous evidences

have also shown that p38 MAPK could be activated or inactivated during adipogenes is pro-

cess[29–31]. According to these, we speculated that this promotion of LMHFV was modulated

by p38 MAPK. As expected, in our p38 MAPK inhibition study, PPARγ protein expression

and oil droplets number decreased after being treated with SB203580, the specific inhibitor of

p38 MAPK [14,15,18]. This supported the association of p38 MAPK and its positive role in

LMHFV-induced BMSCs adipo-differentiation.

We tested invitro LMHFV promoted adipogenesis of BMSCs. However, whether this same

effect couldbe duplicated under different experimental conditions in vitro and in vivo, is

unknown. Increase in the number of adipocytes and lipid accumulation are both important

factors that induce obesity[24]. Similarly, osteoporosis often occured when adipose tissue in

marrow cavity grows and altered the balance between fat and bone[32]. Thus, before LMHFV

could be safely used to treat these clinical problems, there is still much work to be done, both

in vitro and vivo.

In conclusion, we find in the environment of adipogenic induction, LMHFV strengthens

the adipogenic marker genes expression at the mRNA and protein levels by activating p38

MAPK.

Supporting information

S1 File. Reviewer 1 question2 supporting certificate.

(PDF)

S2 File. Data.

(PDF)

Acknowledgments

This work was supported by State Key Laboratory of Oral Disease (Sichuan University,

Chengdu), and the National Natural Science Foundation of China (no. 81400483).

Author Contributions

Conceptualization: QZ YL HY XG.

Data curation: QZ XG.

Formal analysis: QZ XG.

Funding acquisition: XG HY.

Investigation: QZ.

Methodology: QZ YL XG.

Project administration: HY.

Resources: QZ HY.

LMHFV and adipogenesis

PLOS ONE | DOI:10.1371/journal.pone.0172954 March 2, 2017 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172954.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172954.s002


Supervision: HY.

Validation: QZ.

Writing – original draft: QZ.

Writing – review & editing: QZ XG HY.

References
1. Zhou Y, Guan X, Zhu Z, Gao S, Zhang C, Li C, et al. Osteogenic differentiation of bone marrow-derived

mesenchymal stromal cells on bone-derived scaffolds: Effect of microvibration and role of ERK1/2 acti-

vation. Eur Cells Mater. 2011; 22: 12–25.

2. Helen Edwards J, Clair Reilly G. Vibration stimuli and the differentiation of musculoskeletal progenitor

cells: Review of results in vitro and in vivo. World J Stem Cells. 2015; 7: 568–582. doi: 10.4252/wjsc.v7.

i3.568 PMID: 25914764

3. Cristi-Montero C, Cuevas MJ, Collado PS. Whole-body vibration training as complement to programs

aimed at weight loss. Nutr Hosp. 2013; 28: 1365–71. doi: 10.3305/nh.2013.28.5.6656 PMID: 24160189

4. Beck BR, Kent K, Holloway L, Marcus R. Novel, high-frequency, low-strain mechanical loading for pre-

menopausal women with low bone mass: early findings. J Bone Min Metab. 2006; 24: 505–507.

5. Rubin C, Recker R, Cullen D, Ryaby J, McCabe J, McLeod K. Prevention of postmenopausal bone loss

by a low-magnitude, high-frequency mechanical stimuli: a clinical trial assessing compliance, efficacy,

and safety. J Bone Miner Res. 2004; 19: 343–351. doi: 10.1359/JBMR.0301251 PMID: 15040821

6. Ozcivici E, Luu YK, Rubin CT, Judex S. Low-Level vibrations retain bone marrow’s osteogenic potential

and augment recovery of trabecular bone during reambulation. PLoS One. 2010; 5.

7. Nuttall ME, Shah F, Singh V, Thomas-Porch C, Frazier T, Gimble JM. Adipocytes and the regulation of

bone remodeling: A balancing act. Calcified Tissue International. 2014. pp. 78–87. doi: 10.1007/

s00223-013-9807-6 PMID: 24101233

8. Luu YK, Capilla E, Rosen CJ, Gilsanz V, Pessin JE, Judex S, et al. Mechanical stimulation of mesen-

chymal stem cell proliferation and differentiation promotes osteogenesis while preventing dietary-

induced obesity. J Bone Miner Res. 2009; 24: 50–61. doi: 10.1359/jbmr.080817 PMID: 18715135

9. Nikukar H, Reid S, Tsimbouri PM, Riehle MO, Curtis ASG, Dalby MJ. Osteogenesis of mesenchymal

stem cells by nanoscale mechanotransduction. ACS Nano. 2013; 7: 2758–2767. doi: 10.1021/

nn400202j PMID: 23442213

10. Uddin SMZ, Qin Y-X. Enhancement of osteogenic differentiation and proliferation in human mesenchy-

mal stem cells by a modified low intensity ultrasound stimulation under simulated microgravity. PLoS

One. 2013; 8: e73914. doi: 10.1371/journal.pone.0073914 PMID: 24069248

11. Zhang C, Li J, Zhang L, Zhou Y, Hou W, Quan H, et al. Effects of mechanical vibration on proliferation

and osteogenic differentiation of human periodontal ligament stem cells. Arch Oral Biol. 2012; 57:

1395–1407. doi: 10.1016/j.archoralbio.2012.04.010 PMID: 22595622

12. Munshi A, Ramesh R. Mitogen-Activated Protein Kinases and Their Role in Radiation Response.

Genes Cancer. 2013; 4: 401–408. doi: 10.1177/1947601913485414 PMID: 24349638

13. Zarubin T, Han J. Activation and signaling of the p38 MAP kinase pathway. Cell Res. 2005; 15: 11–18.

doi: 10.1038/sj.cr.7290257 PMID: 15686620

14. Cho YL, Min JK, Roh KM, Kim WK, Han BS, Bae KH, et al. Phosphoprotein phosphatase 1CB

(PPP1CB), a novel adipogenic activator, promotes 3T3-L1 adipogenesis. Biochem Biophys Res Com-

mun. 2015; 467: 211–217. doi: 10.1016/j.bbrc.2015.10.004 PMID: 26449462

15. Ji J, Zhu J, Hu X, Wang T, Zhang X, Hou A-J, et al. (2S)-7,4’-dihydroxy-8-prenylflavan stimulates adipo-

genesis and glucose uptake through p38MAPK pathway in 3T3-L1 cells. Biochem Biophys Res Com-

mun. United States; 2015; 460: 578–582.

16. Liu GX, Zhu JC, Chen XY, Zhu a Z, Liu CC, Lai Q, et al. Inhibition of adipogenic differentiation of bone

marrow mesenchymal stem cells by erythropoietin via activating ERK and P38 MAPK. Genet Mol Res.

2015; 14: 6968–77. doi: 10.4238/2015.June.26.5 PMID: 26125905

17. Yanagisawa M, Suzuki N, Mitsui N, Koyama Y, Otsuka K, Shimizu N. Effects of compressive force on

the differentiation of pluripotent mesenchymal cells. Life Sci. 2007; 81: 405–412. doi: 10.1016/j.lfs.

2007.06.004 PMID: 17644142

18. Li J, Zhao Z, Yang J, Liu J, Wang J, Li X, et al. p38 MAPK mediated in compressive stress-induced

chondrogenesis of rat bone marrow MSCs in 3D alginate scaffolds. J Cell Physiol. United States; 2009;

221: 609–617.

LMHFV and adipogenesis

PLOS ONE | DOI:10.1371/journal.pone.0172954 March 2, 2017 11 / 12

http://dx.doi.org/10.4252/wjsc.v7.i3.568
http://dx.doi.org/10.4252/wjsc.v7.i3.568
http://www.ncbi.nlm.nih.gov/pubmed/25914764
http://dx.doi.org/10.3305/nh.2013.28.5.6656
http://www.ncbi.nlm.nih.gov/pubmed/24160189
http://dx.doi.org/10.1359/JBMR.0301251
http://www.ncbi.nlm.nih.gov/pubmed/15040821
http://dx.doi.org/10.1007/s00223-013-9807-6
http://dx.doi.org/10.1007/s00223-013-9807-6
http://www.ncbi.nlm.nih.gov/pubmed/24101233
http://dx.doi.org/10.1359/jbmr.080817
http://www.ncbi.nlm.nih.gov/pubmed/18715135
http://dx.doi.org/10.1021/nn400202j
http://dx.doi.org/10.1021/nn400202j
http://www.ncbi.nlm.nih.gov/pubmed/23442213
http://dx.doi.org/10.1371/journal.pone.0073914
http://www.ncbi.nlm.nih.gov/pubmed/24069248
http://dx.doi.org/10.1016/j.archoralbio.2012.04.010
http://www.ncbi.nlm.nih.gov/pubmed/22595622
http://dx.doi.org/10.1177/1947601913485414
http://www.ncbi.nlm.nih.gov/pubmed/24349638
http://dx.doi.org/10.1038/sj.cr.7290257
http://www.ncbi.nlm.nih.gov/pubmed/15686620
http://dx.doi.org/10.1016/j.bbrc.2015.10.004
http://www.ncbi.nlm.nih.gov/pubmed/26449462
http://dx.doi.org/10.4238/2015.June.26.5
http://www.ncbi.nlm.nih.gov/pubmed/26125905
http://dx.doi.org/10.1016/j.lfs.2007.06.004
http://dx.doi.org/10.1016/j.lfs.2007.06.004
http://www.ncbi.nlm.nih.gov/pubmed/17644142


19. Liu X, Huang X, Chen L, Zhang Y, Li M, Wang L, et al. Mechanical stretch promotes matrix metallopro-

teinase-2 and prolyl-4-hydroxylase α1 production in human aortic smooth muscle cells via Akt-p38

MAPK-JNK signaling. Int J Biochem Cell Biol. 2015; 62: 15–23. doi: 10.1016/j.biocel.2015.02.009

PMID: 25712031

20. Tong Z, Zerdoum AB, Duncan RL, Jia X. Dynamic vibration cooperates with connective tissue growth

factor to modulate stem cell behaviors. Tissue Eng Part A. 2014; 20: 1922–34. doi: 10.1089/ten.TEA.

2013.0496 PMID: 24456068

21. Li G, Fu N, Yang X, Li M, Ba K, Wei X, et al. Mechanical compressive force inhibits adipogenesis of adi-

pose stem cells. Cell Prolif. 2013; 46: 586–594. doi: 10.1111/cpr.12053 PMID: 24033415

22. Tontonoz P, Hu E, Graves RA, Budavari AI, Spiegelman BM. mPPAR??2: Tissue-specific regulator of

an adipocyte enhancer. Genes Dev. 1994; 8: 1224–1234. PMID: 7926726

23. Hossain MG, Iwata T, Mizusawa N, Shima SWN, Okutsu T, Ishimoto K, et al. Compressive force inhibits

adipogenesis through COX-2-mediated down-regulation of PPARgamma2 and C/EBPalpha. J Biosci

Bioeng. Japan; 2010; 109: 297–303.

24. Shoham N, Girshovitz P, Katzengold R, Shaked NT, Benayahu D, Gefen A. Adipocyte stiffness

increases with accumulation of lipid droplets. Biophys J. 2014; 106: 1421–1431. doi: 10.1016/j.bpj.

2014.01.045 PMID: 24655518

25. Dumas V, Ducharne B, Perrier A, Fournier C, Guignandon A, Thomas M, et al. Extracellular matrix pro-

duced by osteoblasts cultured under low-magnitude, high-frequency stimulation is favourable to osteo-

genic differentiation of mesenchymal stem cells. Calcif Tissue Int. 2010; 87: 351–364. doi: 10.1007/

s00223-010-9394-8 PMID: 20582583

26. Rubin CT, Capilla E, Luu YK, Busa B, Crawford H, Nolan DJ, et al. Adipogenesis is inhibited by brief,

daily exposure to high-frequency, extremely low-magnitude mechanical signals. Proc Natl Acad Sci U S

A. 2007; 104: 17879–84. doi: 10.1073/pnas.0708467104 PMID: 17959771

27. Oh ES, Seo YK, Yoon HH, Cho H, Yoon MY, Park JK. Effects of sub-sonic vibration on the proliferation

and maturation of 3T3-L1 cells. Life Sci. 2011; 88: 169–177. doi: 10.1016/j.lfs.2010.11.007 PMID:

21062628

28. Sen B, Xie Z, Case N, Styner M, Rubin CT, Rubin J. Mechanical signal influence on mesenchymal stem

cell fate is enhanced by incorporation of refractory periods into the loading regimen. J Biomech. 2011;

44: 593–599. doi: 10.1016/j.jbiomech.2010.11.022 PMID: 21130997

29. Kim KJ, Lee OH, Lee BY. Fucoidan, a sulfated polysaccharide, inhibits adipogenesis through the mito-

gen-activated protein kinase pathway in 3T3-L1 preadipocytes. Life Sci. 2010; 86: 791–797. doi: 10.

1016/j.lfs.2010.03.010 PMID: 20346961

30. Aouadi M, Laurent K, Prot M, Le Marchand-Brustel Y, Binétruy B, Bost F. Inhibition of p38MAPK

increases adipogenesis from embryonic to adult stages. Diabetes. 2006; 55: 281–289. PMID:

16443758

31. Maekawa T, Jin W, Ishii S. The role of ATF-2 family transcription factors in adipocyte differentiation:

antiobesity effects of p38 inhibitors. Mol Cell Biol. 2010; 30: 613–25. doi: 10.1128/MCB.00685-09

PMID: 19948881

32. Colaianni G, Brunetti G, Faienza MF, Colucci S, Grano M. Osteoporosis and obesity: Role of Wnt path-

way in human and murine models. World J Orthop. 2014; 5: 242–6. doi: 10.5312/wjo.v5.i3.242 PMID:

25035826

LMHFV and adipogenesis

PLOS ONE | DOI:10.1371/journal.pone.0172954 March 2, 2017 12 / 12

http://dx.doi.org/10.1016/j.biocel.2015.02.009
http://www.ncbi.nlm.nih.gov/pubmed/25712031
http://dx.doi.org/10.1089/ten.TEA.2013.0496
http://dx.doi.org/10.1089/ten.TEA.2013.0496
http://www.ncbi.nlm.nih.gov/pubmed/24456068
http://dx.doi.org/10.1111/cpr.12053
http://www.ncbi.nlm.nih.gov/pubmed/24033415
http://www.ncbi.nlm.nih.gov/pubmed/7926726
http://dx.doi.org/10.1016/j.bpj.2014.01.045
http://dx.doi.org/10.1016/j.bpj.2014.01.045
http://www.ncbi.nlm.nih.gov/pubmed/24655518
http://dx.doi.org/10.1007/s00223-010-9394-8
http://dx.doi.org/10.1007/s00223-010-9394-8
http://www.ncbi.nlm.nih.gov/pubmed/20582583
http://dx.doi.org/10.1073/pnas.0708467104
http://www.ncbi.nlm.nih.gov/pubmed/17959771
http://dx.doi.org/10.1016/j.lfs.2010.11.007
http://www.ncbi.nlm.nih.gov/pubmed/21062628
http://dx.doi.org/10.1016/j.jbiomech.2010.11.022
http://www.ncbi.nlm.nih.gov/pubmed/21130997
http://dx.doi.org/10.1016/j.lfs.2010.03.010
http://dx.doi.org/10.1016/j.lfs.2010.03.010
http://www.ncbi.nlm.nih.gov/pubmed/20346961
http://www.ncbi.nlm.nih.gov/pubmed/16443758
http://dx.doi.org/10.1128/MCB.00685-09
http://www.ncbi.nlm.nih.gov/pubmed/19948881
http://dx.doi.org/10.5312/wjo.v5.i3.242
http://www.ncbi.nlm.nih.gov/pubmed/25035826

