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Low-intensity pulsed ultrasound  
suppresses proliferation and promotes apoptosis  
via p38 MAPK signaling in rat visceral preadipocytes
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Abstract: Low-intensity pulsed ultrasound (LIPUS) has been used widely in clinical therapy for bone fracture and soft 
tissue injury. However, whether LIPUS regulates primary preadipocyte function and adipogenesis remains unknown. 
In this study, we investigated the potential role of LIPUS in regulating visceral preadipocyte function. Resuspended 
rat visceral preadipocytes were treated with LIPUS (0.5 MHz, 109.44 mW/cm2) for 1 min and then cultured for an 
additional 48 hours. Cell proliferation was examined using the CCK-8 assay, and the early apoptosis rate was de-
termined by flow cytometry. In addition, we evaluated the related signaling pathway via examination of proliferating 
cell nuclear antigen (PCNA), peroxisome proliferator-activated receptor gamma (PPARγ), Bcl2, Bax, cleaved caspase 
3 (C-C3), and mitogen-activated protein kinase (MAPK) member protein levels using western blot or quantitative 
real-time PCR (qRT-PCR). LIPUS inhibited preadipocyte proliferation and induced cell apoptosis. The protein expres-
sion of proliferation markers decreased, while expression of the apoptosis-related modulators increased following 
LIPUS treatment. LIPUS treatment decreased extracellular signal-regulated kinase (ERK) phosphorylation and in-
creased p38 MAPK phosphorylation. Inhibition of p38 MAPK rescued the LIPUS-induced proliferation inhibition and 
apoptosis induction. Thus, treatment of rat visceral preadipocytes with 0.5 MHz LIPUS suppresses proliferation and 
promotes apoptosis via activation of p38 MAPK signaling.
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Introduction

Obesity, which is strongly associated with hy- 
pertension, diabetes, and atherosclerosis, has 
become a common public health problem ar- 
ound the world [1]. Obesity is characterized by 
the reconstruction and increasing volume of 
adipose tissue [2]. Epidemiological studies 
have demonstrated that visceral obesity rather 
than subcutaneous fat deposition plays a cru-
cial role in cardiovascular diseases [3]. Fatty 
tissue is comprised of massive congregate adi-
pocytes that provide a high capacity for fatty 
acid storage and are congenitally immune from 
lipotoxicity [4]. Preadipocytes are fibroblast-like 
cells that are able to differentiate into fat cells 
in response to the appropriate induction condi-
tions [5, 6]. Most previous studies on preadipo-
cytes have focused on the mechanisms of adi-

pogenesis stimulated by hormonal cocktails 
and on development of novel strategies to 
inhibit preadipocyte differentiation into mature 
adipocytes [6]. On the contrary, studies of pre-
adipocyte differentiation, proliferation, and apo- 
ptosis induced by an external acoustic stress 
are much less common. Because the mecha-
nism of preadipocyte apoptosis is very compli-
cated, further studies are necessary to enable 
clinical manipulation of this process as a prom-
ising strategy for alleviating visceral obesity-
related diseases.

Low-intensity pulsed ultrasound (LIPUS) is a 
low-frequency and -dosage ultrasound tech-
nique that plays a dominant role in mechanical 
and cavitation effects [7]. LIPUS has been sug-
gested to exert multiple biological effects in 
studies by several investigators. Kusuyama et 
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al. showed that LIPUS influences multilineage 
differentiation of mesenchymal stem cells by 
inhibition of PPARγ2 via the ROCK-Cot/Tpl2-
MEK-ERK pathway [8]. LIPUS has also shown 
promise for promoting the biological effects of 
some reagents and drugs. Li et al. found that 
the combination of LIPUS and 5-aminolevulinic 
acid produces more potent pro-apoptotic effe- 
cts than 5-aminolevulinic acid alone [9]. In addi- 
tion, another study demonstrated that LIPUS 
accelerates soft-tissue regeneration by promot-
ing cell proliferation in a morbid body [10]. 
These studies support the pleiotropic and com-
plex bio-effects of LIPUS. While the known safe-
ty and efficacy profiles of this therapy make 
LIPUS a useful application for clinical treat-
ment, the role of LIPUS in visceral preadipocyte 
biological function remains unknown. The iden-
tification of an appropriate LIPUS dose that 
would inhibit visceral preadipocyte proliferation 
and promote apoptosis of these cells will be 
very helpful for developing a novel strategy to 
combat visceral obesity.

In this study, we investigated the effects of dif-
ferent dose of LIPUS on visceral preadipocyte 
proliferation and apoptosis. We found that an 
average intensity of 109.44 mW/cm2 signifi-
cantly decreased preadipocyte proliferation in 
a time-dependent manner. Flow cytometry 
showed that this same dose of LIPUS also pro-
moted cell apoptosis. Moreover, LIPUS inhibit-
ed preadipocyte proliferation and promoted 
apoptosis via activation of the MAPK family 
member p38 and inhibition of ERK activation. 
Our data demonstrate that a certain dose of 
LIPUS specifically affects preadipocyte prolifer-
ation and apoptosis.

Materials and methods

Isolation and culture of rat visceral preadipo-
cytes

Rat visceral preadipocytes were isolated and 
cultured as described previously [11]. Briefly, 
adult male Wistar rats, weighing 180-200 g, 
were sacrificed under anesthesia and sub-
merged in 70% ethanol for 1 min. Visceral adi-
pose tissue from epididymal fat was collected 
and incubated with 0.1% collagenase solution 
in a 37°C shaking water bath for 30 min. 
Following centrifugation, the pellets were resus-
pended in DMEM/F12 media with 10% fetal 
bovine serum, penicillin, and streptomycin (1%). 

The medium was changed after 24 h to remove 
nonadherent cells, and then, culture medium 
was changed every 3 days.

Pulsed low-intensity ultrasound stimulation

LIPUS irradiation was performed using a set of 
ultrasound devices, including a signal genera-
tor (Agilent Technologies, Santa Clara, CA, 
USA), wideband power amplifier (Electronics 
and Innovation Ltd, Rochester, NY, USA), and a 
planar transducer (Haifu, Chongqing, China). 
The planar transducer frequency was 0.5 MHz, 
the voltage applied to the transducer was 150 
MVpp, and the number of cycles was 500-
2000. In addition, the spatial temporal average 
sound pressure was 0.3 MPa. The transducer 
(diameter 6 cm) was placed in a water vat, and 
degassed water flowed over the transducer. 
Then, the bottom of the cell culture dish that 
was placed in the transducer filled with the 
degassed water (Supplementary Figure 1). The 
cell suspension was exposed to the LIPUS stim-
uli for 1 min (ultrasound group), while the con-
trol cell suspension was treated identically 
except for the absence of the LIPUS stimuli. The 
temperature of the cell culture media in the 
dishes did not exceed 37°C during the ultra-
sound procedures.

CCK-8 assay

Preadipocytes proliferation was evaluated with 
the Cell Counting Kit-8 (Dojindo, Japan). The 
cell suspension (5 × 103 cells/well) treated with 
or without the ultrasound stimulus was seeded 
in wells of a 96-well plate for 48 h. Then, CCK-8 
reagent was added and incubated with the 
cells for 2 h at 37°C. The absorbance at 450 
nm was measured using a microplate reader.

Flow cytometric analysis of cell apoptosis

The cell early apoptosis rate was analyzed by 
flow cytometry using Annexin-V–FITC staining. 
In brief, cells treated with or without LIPUS were 
collected and stained with propidium iodide 
and Annexin-V for 15 min in the dark at room 
temperature according to the manufacturer’s 
instructions and then analyzed by flow cyto- 
metry.

Western blot

The total proteins were extracted from preadi-
pocytes and separated by SDS-PAGE (6-12%). 
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Proteins were then transferred onto PVDF me- 
mbranes and blocked with bovine serum albu-
min (BSA). Membranes were incubated with  
the following primary antibodies against p-38 
(1:1000; Cat. 8690, Cell Signaling Technology, 
Danvers, MA, USA), p-p38 (1:1000; Cat. 4511, 
Cell Signaling Technology), ERK (1:1000; Cat. 
4695, Cell Signaling Technology), p-ERK (1: 
1000; Cat. 4370, Cell Signaling Technology), 
Janus kinase (JNK, 1:1000; Cat. 9252, Cell 
Signaling Technology), p-JNK (1:1000; Cat. 
4668, Cell Signaling Technology), PPARγ (1: 
500; Cat. 209350, Abcam, Cambridge, MA, 
USA), proliferating cell nuclear antigen (PCNA, 
1:1000; Cat. 13110, Cell Signaling Technology), 
Bcl2 (1:1000; Cat. 2876, Cell Signaling Tech- 

nology), Bax (1:1000; Cat. 2772, Cell Signaling 
Technology), and cleaved caspase 3, C-C3 
(1:1000; Cat. 9661, Cell Signaling Technology) 
at 4°C overnight and then incubated with the 
appropriate secondary antibody, either peroxi-
dase-labeled anti-rabbit or anti-mouse immu-
noglobulin, at room temperature. The target 
proteins were detected using an enhanced che-
miluminescence (ECL) kit. Bands were normal-
ized with β-tubulin, and protein levels were 
quantified by Image J.

qRT-PCR

Total RNA was isolated and transcribed into 
cDNA as previously described [12]. The cDNA 

Figure 1. LIPUS inhibits preadipocyte proliferation and increases apoptosis. Primary cultured preadipocytes were 
treated with different doses of ultrasound (500, 800, 1100, 1400, 1700, and 2000 cycles) and different duration 
(0.5, 1, and 1.5 min). (A) Preadipocyte proliferation was evaluated with the CCK-8 assay. Ultrasound doses reaching 
1700 cycles (average sound intensity 109.44 mW/cm2) led to a remarkable reduction of preadipocyte proliferation. 
(B) Effects of LIPUS on preadipocytes proliferation were evaluated at different points in time and the 1-min duration 
was determined to be the optimal duration. (C, D) The early apoptosis rate was analyzed by flow cytometry using 
Annexin-V-FITC staining. LIPUS treatment increased the number of early apoptotic preadipocytes compared to con-
trol treatment. All values are expressed as the mean ± SEM of three independent trials. For (A and B), data were 
analyzed with one-way ANOVA analysis, for (C), data were analyzed with independent t test. *P<0.05, **P<0.01, 
***P<0.001.
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products were used as the PCR template for 
the analysis of mRNA levels using the SYBR-
Green Supermix Kit (Bio-Rad, Hercules, CA, 
USA). All samples were analyzed at least three 
times, and the relative expression levels were 
normalized to that of β-tubulin. The following 
specific primers for target genes were obtained 
from Invitrogen (Carlsbad, CA, USA): PPARα, for-
ward 5’-ACGGAATTTGCCAAGGCTAT-3’, reverse 
5’-ATCAAGGAGGACAGCATCGT-3’; PPARγ, for-
ward 5’-TGACCACTCCCATTCCTTTG-3’, reverse 
5’-CAACCATTGGGTCAGCTCTT-3’; PPARδ, for-
ward 5’-CCCACTCACAACACTCCAGAC-3’, reverse 
5’-AGCGGACTAATGGGCTCAC-3’; CCAAT/enhan- 
cer-binding protein (C/EBPα), forward 5’-CCA- 
TCCGCCTTGTGTGTACT-3’, reverse 5’-GTTTAG- 
CATAGACGCGCACA-3’; C/EBPβ, forward 5’-CG- 
GGTTTCGGGACTTGAT-3’, reverse 5’-CCCGCA- 
GGAACATCTTTAAGT-3’; and C/EBPδ, forward 
5’-ATCGACTTCAGCGCCTACAT-3’, reverse 5’-CC- 
GCTTTGTGATTGCTGTT-3’.

Statistical analysis

All data were expressed as the mean ± SEM of 
three or more independent experiments and 
the normal distribution was tested. Statistical 
differences were determined by independent 
Student’s t-test for comparison between two 
groups. One-Way analysis of variance (ANOVA) 

followed by Bonferroni’s multiple comparison 
test was used for comparison among four 
groups. P values smaller than 0.05 were con-
sidered significant. Statistical graphs were per-
formed using GraphPad PRISM 6.01 statistical 
software (San Diego, California, USA).

Results

LIPUS inhibits proliferation and increases 
apoptosis of preadipocytes

To explore the effects of LIPUS on preadipo-
cytes, we first treated preadipocytes with differ-
ent doses of ultrasound (Supplementary Table 
1). As showed by the CCK-8 assay (Figure 1A), 
the average sound intensity 109.44 mW/cm2 
(cycle number reached 1700) led to an obvious 
reduction of cell proliferation compared to con-
trol treatment (P<0.05), and no significant ch- 
ange in proliferation was observed with cycles 
lower than 1700 cycles. We also assessed the 
effects of LIPUS on cells following different 
treatment durations (0.5, 1, and 1.5 min). We 
found a time-dependent decrease in preadipo-
cyte proliferation, and the 1-min duration was 
determined to be the optimal duration for fur-
ther experiments (Figure 1B). Furthermore, 
LIPUS treatment slightly increased the early 
apoptosis of preadipocytes as measured by 
flow cytometric analysis (Figure 1C and 1D).

Figure 2. LIPUS affects expression of proteins associated with proliferation and apoptosis in preadipocytes. The 
expression levels of key proliferation- and apoptosis-related molecules (PCNA, PPARγ, Bcl2, Bax, and C-C3) were 
examined by western blotting in primary preadipocytes with or without LIPUS (1700 cycles, 1 min) treatment. A, B. 
The protein levels of PCNA protein decreased and the levels of PPARγ increased in LIPUS treated cells compared to 
untreated cells. C, D. LIPUS treatment downregulated the protein expression of Bcl2 and the Bcl2/Bax ratio, and 
upregulated the protein expression of C-C3. All values are expressed as the mean ± SEM of three independent trials. 
Data were analyzed with independent t test. *P<0.05, **P<0.01.
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eculated that LIPUS may affect PPAR members 
mRNA expression. Thus, the mRNA expression 
levels of PPARα, PPARγ, and PPARδ were ana-
lyzed by qRT-PCR. LIPUS treatment did not 
appear to affect mRNA levels of PPARα, PPARγ, 
or PPARδ (Figure 3A). In addition, we also mea-
sured the mRNA levels of the PPAR-related 
members of the C/EBP family of transcription 
factors. LIPUS treatment downregulated the C/
EBPδ mRNA level (P<0.01) but did not affect 
the C/EBPα and C/EBPβ mRNA levels (Figure 
3B). 

LIPUS activates p38 MAPK phosphorylation

The MAP Kinase pathway has been reported to 
be involved in stress-induced cell proliferation 
and apoptosis [13]. To elucidate the underlying 
molecular mechanism of LIPUS-induced prolif-
eration inhibition and apoptosis in preadipo-
cytes, we examined the expression and modifi-
cation of MAPK members by western blot. Our 
data demonstrated that the phosphorylation 
level of p38 was significantly increased in the 
LIPUS-treated cells (P<0.05). In addition, LIPUS 
treatment inhibited the phosphorylation of ERK 
in these cells (P<0.05), while the phosphoryla-

Figure 3. LIPUS does not promote transcription of PPAR family members during the early stage. mRNA levels of 
PPAR and C/EBP family members were assessed by qRT-PCR in LIPUS treated and untreated cells. β-tubulin was 
utilized as the internal standard for normalization. A. LIPUS did not affect the mRNA levels of PPARα, PPARγ, and 
PPARδ of rat visceral preadipocytes. B. LIPUS treatment downregulated the C/EBPδ mRNA level but did not affect 
the C/EBPα and C/EBPβ mRNA levels of rat visceral preadipocytes. All values are expressed as the mean ± SEM of 
three independent trials. Data were analyzed with independent t test. **P<0.01.

LIPUS affects expression of proteins associ-
ated with proliferation and apoptosis

To further clarify the role of LIPUS on cellular 
proliferation and apoptosis, we measured the 
expression of key proliferation- and apoptosis-
related molecules. We found that an obvious 
downregulation of the proliferation marker 
PCNA (P<0.01) and upregulation of PPARγ 
(P<0.05), which may be involved in cell prolif-
eration inhibition or apoptosis induction, in the 
LIPUS-treated group compared to the control 
cells (Figure 2A and 2B). Furthermore, we 
examined the key intrinsic apoptosis signaling 
markers in preadipocytes following LIPUS treat-
ment. The anti-apoptosis factor Bcl2 was mark-
edly decreased in the cells treated with LIPUS 
(P<0.05). Moreover, the Bcl-2/Bax ratio was 
decreased, and the apoptosis maker C-C3  
was increased in LIPUS-treated cells (P<0.05) 
(Figure 2C and 2D).

LIPUS does not promote transcription of PPAR 
members at the early stage

Due to the increase of the PPARγ protein level 
in cells following treatment with LIPUS, we sp- 
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tion level of JNK was comparable between the 
treated and untreated cells (Figure 4A and 4B).

Inhibition of p38 rescues the effects of LIPUS

In order to determine whether the observed 
biological effects of LIPUS on preadipocytes 
are dependent on the increased phosphoryla-
tion of p38, preadipocytes were treated with 
the p38 signaling inhibitor SB203580. Flow 
cytometry and CCK-8 assays showed that p38 
inhibition abrogated the induction of cell apop-
tosis (Figure 5A and 5B) and the inhibition of 
proliferation (Figure 5C) induced by LIPUS. 
Western blotting further showed that p38 inhi-
bition reversed the changes of p-ERK, the 
apoptosis-related proteins Bcl2 and C-C3, and 
the proliferation-related marker PCNA induced 
by LIPUS (Figure 5D).

Discussion

The major findings of this study are that LIPUS 
(at an average dose of 109.44 mW/cm2) induc-
es apoptosis and inhibits proliferation in rat pri-
mary visceral preadipocytes and that the 
increase of proliferation inhibition and apopto-
sis induced by LIPUS is mediated by enhanced 
p38 MAPK activation.

Fat, which serves as an important energy store 
in the body, plays a critical role in life activity; 
however, excessive visceral fat deposition can 
lead to various illnesses, including hyperten-
sion, diabetes, and atherosclerosis, and can 
impair health and quality of life [14]. The pri-
mary components of adipose tissue are adipo-
cytes, which are characterized by the presence 
of lipid droplets and are derived from preadipo-
cytes [15], which are fibroblast-like cells that 
are predetermined to differentiate into fat cells. 
Preadipocytes have already become one of the 
targets for obesity control, and as such, the 
inhibition of preadipocyte differentiation to adi-
pocytes has been thoroughly studied for the 
purpose of alleviating obesity-related diseases 
[16, 17]. Physical induction of inhibition of pro-
liferation and induction of apoptosis in preadi-
pocytes as a strategy for obesity control, by 
contrast, has not been studied extensively. In 
the current study, we demonstrated that clini-
cal application of LIPUS induced inhibition of 
preadipocyte proliferation and promoted apop-
tosis, suggesting that such treatment may offer 
a promising strategy for obesity control.

Numerous studies have revealed the bio-
effects of LIPUS on various cell types, including 
increasing cell membrane penetrability [18] 
and regulating cell apoptosis [19, 20], prolifera-
tion [21], differentiation [22], and migration 
[23]. Other studies have shown that the above-
mentioned bio-effects of LIPUS may be associ-
ated with different doses of sound intensity. 
Kusuyama et al. found that LIPUS influenced 
multilineage cellular differentiation at an inten-
sity of 30 mW/cm2 [8]. Jang et al. revealed that 
cell migration is promoted via the focal adhe-
sion kinase pathway at the sound intensity of 
27.5 mW/cm2 [23], and when the dose reached 
200 mW/cm2, LIPUS increased cell proliferation 
and extracellular matrix production [21]. In the 
present study, we investigated the effects of 
LIPUS on preadipocyte proliferation and apop-

Figure 4. LIPUS induces phosphorylation of p38-
MAPK. The expression and modification of MAPK 
members were assessed by western blotting in pri-
mary preadipocytes with or without LIPUS treatment. 
A. LIPUS treatment significantly promoted the phos-
phorylation level of p38 and inhibited the phosphory-
lation of ERK, and no change of the expression level 
of p-JNK were observed. B. Quantification of p-38, 
p-p38, ERK, p-ERK, JNK, and p-JNK protein levels 
were. Data were analyzed with independent t test. 
All values are expressed as the mean ± SEM of three 
independent trials. *P<0.05.
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tosis and found that 1-min irradiation with an 
average dose of 109.44 mW/cm2 led to signifi-
cant inhibition of proliferation and not cell 
necrosis of visceral preadipocytes. In addition, 
in contrast to the commonly used transducer 
frequency of 1 MHz [24] or 1.5 MHz [8], we 
used a 0.5-MHz planar transducer in order to 
avoid thermal effects. This type of fast irradia-
tion may, therefore, be very useful for the clini-
cal application of LIPUS for obesity-reduction 
therapy.

It is well known that apoptosis is primarily medi-
ated through the mitochondria-dependent in- 

trinsic pathway or the death receptor-depen-
dent extrinsic pathway. Bcl-2 family proteins 
include anti- and pro-apoptotic family members 
that are vital regulators of the mitochondria-
dependent signaling pathway [25]. Bcl-2, a cru-
cial anti-apoptotic factor, localizes to intracel-
lular mitochondria membranes and may res- 
train the release of apoptotic molecules [25, 
26]. Conversely, the pro-apoptotic factor Bax 
leads to cytochrome C release, resulting in 
cleavage of caspase 3 and induction of apopto-
sis [25, 27]. In the present study, we demon-
strated that LIPUS upregulates the expression 
of C-C3 and downregulates the expression of 

Figure 5. Inhibition of p38 phosphorylation rescues the effects of LIPUS. In order to explore whether the biological 
effects of LIPUS on preadipocytes are associated with p-p38, cell suspension exposed to LIPUS was treated with or 
without p38 MAPK inhibitor SB203580. A, B. p38 inhibition rescued the LIPUS-induced apoptosis as shown by flow 
cytometric analysis. The percentage of early apoptotic preadipocytes (%) was analyzed with one-way ANOVA analy-
sis. C. CCK-8 assay showed that inhibition of p38 activation reversed the LIPUS-induced proliferation inhibition in 
primary preadipocytes. D. p-p38, p-ERK, C-C3, PCNA and Bcl2 protein levels were assessed by western blotting with 
or without p38 inhibitor treatment. Relative protein levels were analyzed with one-way ANOVA analysis. All values are 
expressed as the mean ± SEM of three independent trials. *P<0.05.
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Bcl-2. Although no significant difference was 
observed in Bax levels between the LIPUS-
treated cells and the control cells, the ratio of 
Bcl-2 to Bax decreased following treatment of 
cells with LIPUS. Taken together, these results 
suggest that LIPUS influences preadipocytes in 
a mitochondria-dependent manner.

The MAPK signaling pathways have been recog-
nized as common signal transduction pathways 
for regulating cell proliferation and apoptosis 
[28]. In contrast to the activating role of a 30 
mW/cm2 dose of LIPUS on p-ERK in the preadi-
pocyte cell lines [8], we observed that a 109.4 
mW/cm2 dose of LIPUS increased p-p38 and 
decreased p-ERK. To determine whether the 
underlying molecular mechanism of LIPUS-in- 
duced apoptosis is associated with p38 MAPK, 
we inhibited the expression of p-p38 using the 
p38 inhibitor SB250380 in preadipocyte cul-
ture media. We found that p38 inhibition res-
cued cell apoptosis, suggesting that LIPUS pro-
motes apoptosis through p38 MAPK signaling 
in primary preadipocytes. We also found that 
p38 inhibition reverses the downregulation of 
p-ERK induced by LIPUS. This particular phe-
nomenon is very interesting, because p38 
MAPK signaling and ERK signaling comprise 
two parallel pathways that should not affect 
each other. We speculate that LIPUS may partly 
induce preadipocytes differentiation along with 
the PPARγ increase and p-ERK decrease as 
described above. Then, p-p38 inhibition could 
reverse the proliferation suppression induced 
by LIPUS, and this increase of cell proliferation 
capacity will offset the partial cell differentia-
tion induction, resulting in upregulation of 
p-ERK. This hypothesis will be one of our top 
priorities for future investigation in order to 
determine whether LIPUS can induce preadipo-
cyte differentiation.

In conclusion, our study demonstrates that 
LIPUS treatment effectively promotes apopto-
sis of rat primary preadipocytes and that this 
apoptotic effect may be mediated via the acti-
vation of the mitochondria-dependent apoptot-
ic pathway. The effects of LIPUS on cell apopto-
sis are likely dependent on the p38 MAPK sig-
naling pathway, and this research will ultimately 
pave the way to explore this promising strategy 
to mitigate obesity-related diseases. Import- 
antly, there are some limitations that should be 
considered in this study. We did not determine 
whether other frequencies of transducer also 

exert similar pro-apoptotic effects, and thus, 
we need to determine the optimal treatment 
conditions in future work. In addition, our data 
suggests that the p38 MAPK pathway is 
involved in the effects of LIPUS on cell apopto-
sis. Further studies are needed to explore the 
upstream signaling and a more specific mecha-
nism about LIPUS mediated biological effects.
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Supplementary Figure 1. Schematic diagram of sonication devices used in the present study.

Supplementary Table 1. List of acoustic parameters used in the 
present study

Number of cycles Ultrasonic  
power (w)

Sound  
pressure (MPa)

Sound intensity 
(mW/cm2)

500 0.39 0.3 19.65
800 0.60 0.3 30.35
1100 1.41 0.3 71.66
1400 1.81 0.3 92.12
1700 2.15 0.3 109.44
2000 2.82 0.3 143.70


