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Low-intensity pulsed ultrasound inhibits adipogenic differentiation via HDAC1
signalling in rat visceral preadipocytes
Tianhua Xu*a, Kun Zhao*a, Xiasheng Guob, Juan Tub, Dong Zhangb, Wei Sun a, and Xiangqing Konga

aDepartment of Cardiology, The First Affiliated Hospital of Nanjing Medical University, Nanjing, Jiangsu, China; bKey Laboratory of Modern
Acoustics, Department of Physics, Collaborative Innovation Center of Advanced Microstructure, Nanjing University, Nanjing, Jiangsu, China

ABSTRACT
Non-drug strategy targeting adipocyte differentiation is critical for alleviating visceral obesity and its
related diseases. However, whether and how low intensity pulsed ultrasound (LIPUS) could be used
for inhibiting visceral adipocyte differentiation is not fully understood. In this study, we aim to
investigate the effect and associated mechanism of LIPUS on primary visceral preadipocyte differ-
entiation and explore its potential role for clinical visceral obesity management. The preadipocytes
were daily exposed to LIPUS (0.5 MHz, 1.2 MPa) for 10 min. Adipogenic differentiation was estimated
by the formation of lipid droplets and the levels of adipogenic transcriptional factors and representa-
tive markers. Mitogen-activated protein kinase (MAPK) member proteins and histone acetylation-
related molecules were measured by western blotting. LIPUS stimulation with an average acoustic
pressure of 1.2 MPa led to a prominent inhibition of adipogenic differentiation and expression of
adipogenic markers. As a mechanism, LIPUS treatment increased the nuclear levels of histone
deacetylase 1 (HDAC1) and decreased the acetylation of histone 3 and histone 4. Meanwhile, the
inhibition of the HDAC1 could block the inhibitory effect of LIPUS on adipogenic differentiation via
increasing AcH3 and AcH4 levels. Our study may provide an ultrasound-based promising strategy for
clinical visceral obesity control.
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Introduction

Adipose tissue, the energy storage organs, play an impor-
tant role in energy homeostasis [1]. The reconstruction
and increasing volume of adipose tissue are closely related
to many metabolic disorder diseases, including obesity
and type 2 diabetes [2,3]. Moreover, Epidemiological
studies have demonstrated that visceral obesity rather
than subcutaneous fat deposition plays a crucial role in
cardiovascular diseases [4]. Fatty tissue is comprised of
massive congregate adipocytes, and the increase in adipo-
cyte number and size can rise the adipose tissue mass [5].
Understanding the mechanisms regulating adipocyte dif-
ferentiation may provide valuable strategy for alleviating
visceral obesity-related diseases.

Preadipocytes are fibroblast-like cells that are able to
differentiate into fat cells in response to the appropriate
induction conditions [6,7]. Adipogenic stimuli induce
terminal differentiation in preadipocytes through the epi-
genomic activation of transcriptional factors, including
peroxisome proliferator-activated receptor-γ (PPARγ)
and CCAAT/enhancer binding proteins (C/EBPs) [8].

As the key transcriptional regulators of preadipocyte
terminal differentiation, PPARγ and C/EBPs subse-
quently not only trigger positive feedback to induce
their own expression, but also activate a series of down-
stream target genes whose expression determines the
adipocyte [9]. Once the process of preadipocyte differen-
tiation is inhibited, the mRNA and protein expression of
PPARγ and C/EBPs would be down-regulated.
Furthermore, many of these proteins involved in lipid
metabolism and adipocyte expressed genes also will suffer
a corresponding decrease and finally result in the suppres-
sion of lipid accumulation in adipocyte [1].

Histone acetylation and deacetylation could be regu-
lated by mutual effect of histone acetyltransferases and
histone deacetylases (HDACs) [10,11]. HDACs consist
of four major classes and HDAC1 belongs to the class I
family of HDACs, which are ubiquitously expressed
and participate in acetylation of histones. In addition,
HDAC1 has been implicated in a number of transcrip-
tional processes and has been shown to interact directly
and indirectly with a number of transcription factors
such as p53, retinoblastoma protein, and C/EBPs [12–
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14]. In 2003, a study suggested that HDAC1 inhibition
promoted transcriptional activation of C/EBPα and
increased adipogenesis in the 3T3-L1 mouse embryonic
fibroblasts model [12].

In recent years, the biological effects of ultrasound have
shown significant progress in medical research. The high-
intensity focused ultrasound (HIFU) technology has been
applied to other areas besides cancer [15] and the thermal
effect is considered the main mechanism of HIFU in the
treatment of tumours [16,17]. In contrast to HIFU, LIPUS
is a low-frequency and -dosage ultrasound technique that
plays a dominant role in mechanical and cavitation effects.
Moreover, LIPUS has been widely used in clinical treat-
ment including bone fracture, soft tissue injury, perform-
ing thrombolytic and enhancing the therapeutic effect of
drugs, etc [18–22]. In previous studies, we also found that
an average intensity of 109.44 mW/cm2 significantly pro-
moted rat visceral preadipocyte apoptosis via elevating P38
MAPK [23]. Whether LIPUS is also fit for the inhibition of
preadipocyte differentiation is not fully understood.

In this study, we investigated the effects of a low dose of
LIPUS on visceral preadipocyte differentiation. We
found that daily LIPUS stimulation with an average
acoustic pressure of 1.2 MPa for 10 min significantly
inhibited preadipocyte differentiation without affecting
cell proliferation. Moreover, LIPUS suppressed preadi-
pocyte differentiation via up-regulation of the HDAC1
protein level and inhibition of acetylation of histone 3
(AcH3) and histone 4 (AcH4). Our data demonstrate
that a certain dose of LIPUS epigenetically regulates
adipogenic differentiation.

Materials and methods

Isolation and culture of rat visceral preadipocytes

Rat visceral preadipocytes were isolated and cultured as
described previously [23]. In our experiment, digestive

cell suspension was centrifuged thrice and filtrated
twice different from single centrifugation and filtration
of conventional method. After filtration using 100 μm
mesh, centrifugation will not only be able to remove
fibre and impurities, but also separate adipocytes from
suspension at 200 × g for 5 min. Then the second
centrifugation was at 800 × g for 5 min. This rotating
speed could result in cell membrane breakage of adi-
pocytes and remove remaining adipocytes and reduce
the loss of preadipocytes in the operation process.
Finally, the filtration of 25 μm mesh and the centrifu-
gation can eliminate miscellaneous endothelial cells and
isolated preadipocytes were purified in maximum.
These cells were cultured in DMEM/F12 medium
(Gibco, NY, USA) containing 10% fetal bovine serum
(FBS; Hyclone, UT, USA), 100 U/mL penicillin and 100
μg/mL streptomycin (Thermo Scientific, IL, USA) in a
37°C and 5% CO2 humidified incubator. Derived pre-
adipocytes were taken for the identification of cellular
immunophenotype by flow cytometry and the number
of cells was counted before being seeded in each dish
(Figure S2). The culture media was changed every 2 d,
and when the cells grow to about 90% fusion, cell
suspension was made and inoculated in 6 cm culture
dish. Rosiglitazone maleate (ROZ), a specific agonist of
PPARγ, GW9662, a PPARγ antagonist [24] and vorino-
stat (SAHA), a inhibitor of HDACs, were purchased
from Selleck.

Adipocyte differentiation

The procedure of adipocyte differentiation is described
below: ① Cells (5 × 105 cells/well) are seeded in 6 cm
dishes and are 70–80% confluent after 2 d of culture.
Then, cells were maintained to reach contact inhibition
for 2 days (Cells are seeded in dishes and are exposed to
the daily LIPUS for 10 min from the next day. The
LIPUS treatment will last for 4 d and be stopped after
adding adipogenic induction medium); ② Remove the
DMEM/F12 medium containing 10% FBS and add
DMEM/F12 medium containing 5% FBS and differen-
tiation inducers including 1 μM dexamethasone, 1 mM
IBMX and 10 μM insulin; ③ Culture cells in adipo-
genic induction media for 4 d and change the media
every 2 d;④ After 4-d incubation, remove the media
and add adipogenic maintenance media containing 5%
FBS and 10 μM insulin for an additional 4 d. Change
the media every 2 d.

Oil Red-O staining

Cells were fixed in 4% paraformaldehyde for 30 min at
room temperature and stained with Oil Red-O dye at
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room temperature for 10 min. Then cells were rinsed
with PBS three times to remove residual Oil Red-O dye
and photos were taken under the reverse phase micro-
scope. Black and white pictures showed pre-dyeing cells
in the stage of terminal differentiation (4×) and colour
pictures showed oil red O-stained cells in the stage of
terminal differentiation (20×). Six visual fields were
randomly selected under the light microscope in each
group and the area of all cells was regarded as total area
under each field. The lipid droplet formation was quan-
titatively analyzed by the ratio of red area to total area.
The areas were measured and quantified by using the
Image J software.

Low-intensity pulsed ultrasound stimulation

LIPUS irradiation was performed using a set of ultra-
sound devices (Agilent Technologies, Santa Clara, CA,
USA) which was described previously [23]. We per-
formed LIPUS irradiation under the following condi-
tions: planar transducer frequency 0.5 MHz, voltage
applied to each transducer was 400–600 mVpp, pulse
repetition frequency 25 Hz, the number of cycles 10,
and spatial-temporal average sound pressure 0.8–1.2
MPa. The cell suspension was exposed to the daily
LIPUS for 10 min, while the control cell suspension
was treated identically except for the absence of the
LIPUS stimuli. The temperature of the culture medium
in the dishes hardly changed during the ultrasound
procedures.

Flow cytometric analysis of cell proliferation

The EdU (5-ethynyl-2′ -deoxyuridine) is a nucleoside
analogue of thymidine that is incorporated into DNA
only during DNA synthesis. The preadipocyte prolif-
eration was analyzed by Cell-Light™ EdU Apollo®488 in
vitro flow cytometry kit (Ribobio, Guangzhou, China).
The Kit provides a method for marking cells in S phase
and analyzing DNA replication in proliferating cells.
Then, newly synthesized DNA is measured using the
488 nm laser of the flow cytometer according to the
manufacturer’s instructions. The scheme for this
experiment is described below: ① Cells are seeded in
6 cm dishes and are exposed to the daily LIPUS for 10
min from the next day in treated group; ② The LIPUS
treatment will last for 4 d, and then cells were incu-
bated in medium containing EDU (50 μM) for 2 h
before collection; ③ The collected cells were incubated
in 4% formaldehyde for 15 min at room temperature,
and then were washed with PBS; ④ Add 1 mL of 0.5%
Triton X-100 in PBS to each tube, then incubate at

room temperature for 20 min. Remove the 0.5%
Triton X solution; ⑤ Add 0.5 mL of staining reaction
solution to each tube, then incubate at room tempera-
ture for 10 min, protected from light; ⑥ Remove the
reaction solution, then wash each tube with 1 mL of
0.5% Triton X-100 in PBS; ⑦ Cells were resuspended
in PBS and analyzed by flow cytometry.

Western blot

The total proteins were extracted from preadipocytes
using standard methods as described previously [23].
Protein samples were separated by SDS-PAGE (6–12%)
and transferred onto PVDF membranes, and blocked
with bovine serum albumin (BSA). Membranes were
incubated with the specific antibodies against p38
(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. 209,350,
Abcam, Cambridge, MA, USA), C/EBPα (1:1000; Cat.
2295, Cell Signaling Technology), Lamin B (1:1000; Cat.
13,435, Cell Signaling Technology), GAPDH (1:1000;
Cat. 5174, Cell Signaling Technology), HDAC1 (1:1000;
Cat. 34,589, Cell Signaling Technology), AcH3 (1:1000;
Cat. 8173, Cell Signaling Technology), and AcH4
(1:1000; Cat.2605373, Temecula) at 4°C overnight and
then incubated with the appropriate secondary antibody,
either peroxidase-labeled anti-rabbit or anti-mouse
immunoglobulin, at room temperature. The target pro-
teins were detected using an enhanced chemilumines-
cence (ECL) kit. Bands were normalized with GAPDH,
and protein levels were quantified by Image J.

Nuclear protein extraction

The nuclear proteins were extracted from preadipocytes
using NucBuster Protein Extraction Kit (Millipore,
USA) and the procedure of extraction is described
below: ①Prepare a single cell suspension using a stan-
dard technique; ②Count the cells and transfer a 1.5 ml-
tube and centrifuge at low speed (500 × g, 4℃).
Remove the supernatant and measure the standard-
packed cell volume. 1–3 × 107 cells from a packed cell
volume of 50 μL. Up to 250 μL packed cell volume can
be processed in a single 1.5 ml-tube; ③Resuspend the
cell pellet using 150 μL NucBuster Reagent 1 per 50 μL
packed cell volume. Adjust extraction reagent volumes
proportionately according to the size of the packed cell
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volume; ④Vortex 15 sec at high speed. Incubated on
ice 5 min, and vortex again 15 sec at high speed;
⑤Centrifuge at 16,000 × g for 5 min 4℃; ⑥Remove
the supernatant. A wash with 500 μL of ice-cold PBS
may be used at this step to remove additional cytoplas-
mic proteins; ⑦Resuspend the pellet in 1 μL of resus-
pended 100×Protease Inhibitor Cocktail, 1 μL of 100
mM DTT, and 75 μL NucBuster Extraction Reagent 2
per 50 μL packed cell volume; ⑧Vortex 15 sec at high
speed, incubate on ice 5 min, and again vortex 15 sec at
high speed; ⑨Centrifuge at 16,000 × g for 5 min 4℃;
⑩Transfer the supernatant (nuclear extract) to a sepa-
rate tube. The extract can be used immediately or
stored in aliquots for extended periods at −80℃.

qRT-PCR

Total RNA was isolated and transcribed into cDNA as
previously described [23]. The synthesized cDNA was
used as template for the analysis of mRNA levels by the
SYBR-Green Supermix Kit (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s standard protocol. Equal
amounts of cDNA were applied in each reaction mixture.
As a control for the specificity of the quantitative real-time
PCR, a sample without template was included. The real-
time cycler conditions were as follows: initial activation
step at 95°C for 10 min, 40 cycles of denaturing at 95°C
for 15 s, and annealing/extension at 60°C for 60 s, followed
by a melting curve analysis of 65–95°C with 0 .5°C incre-
ment, 5 s per step. The following specific primers for target
genes were obtained from Invitrogen (Carlsbad, CA, USA):
PPARγ, forward 5′-TGACCACTCCCATTCCTTTG-3′,
reverse 5′-CAACCATTGGGTCAGCTCTT-3′; C/EBPα,
forward 5′-CCATCCGCCTTGTGTGTACT-3′, reverse
5′-GTTTAGCATAGACGCGCACA-3′; C/EBPβ, forward
5′-CGGGTTTCGGGACTTGAT-3′, reverse 5′-CCCG
CAGGAACATCTTTAAGT-3′; and C/EBPδ, forward 5′-
ATCGACTTCAGCGCCTACAT-3′, reverse 5′-CCGCT
TTGTGATTGCTGTT-3′; FABP4, forward 5′-TCATCA
GCGTAGAAGGGGACT-3′, reverse 5′-CACGCCCAGT
TTGAAGGAA-3′; adiponectin, forward 5′-CGGAGAA
GCCGCTTACAT-3′, reverse 5′-CCAGTGCTGCCGTC
ATAA-3′.

Identification surface markers of preadipocytes

The surface makers of preadipocytes were identified by
flow cytometry and the procedure of identification is
described below: ① After 24 h, remove the medium
completely, wash the 6-cm dish twice with PBS, and

harvest cells with of 0.25% trypsin-EDTA for 5 min at
37°C;②Neutralize trypsin-EDTA with equal amounts of
culture medium, collect cells in a new 15-ml conical tube,
and then centrifuge at 400 × g for 7 min.; ③ Decant the
supernatant. Wash the pellet twice in ice-cold FCS-wash
buffer (PBS containing 10% FBS) using re-suspension by
pipetting coupled with centrifugation at 400 × g for 7
min.; ④ Resuspend, count, and adjust preadipocytes to
106 cells/ml in ice-cold FCS-wash buffer. Place cells (100
μl/each tube) into multiple new 15-ml conical tubes and
incubate tubes containing preadipocytes at 4°C for 30min
with antibodies against CD29, CD31, CD45 and CD90
(eBioscience, USA) for direct staining. Stop the reaction
by washing the cells twice in 10 ml FCS-wash buffer
coupled with 400 × g for 7 min; ⑤ Fix and resuspend
cells in fixation buffer for flow cytometry.

RNA interference

Rat small-interfering RNAs against HDAC1 (si-
HDAC1) and a scrambled sequence control (si-con)
were purchased from Ribobio (Guangzhou, China).
To knockdown HDAC1 expression, cells were trans-
fected with si-HDAC1 or si-con for 8 h using
Lipofectamine 2000 (Invitrogen, USA) and then were
treated with or without LIPUS stimulus.

The flowchart of experiment

Statistical analysis

Statistical analyses were performed using GraphPad
PRISM 6.01 statistical software (San Diego, California,
USA). Data were analyzed using the independent
Student’s t-test and were expressed as the mean± SEM of
three or more independent experiments (Supplementary
material). A p-value <0.05 was considered significant.
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Results

LIPUS suppresses adipogenic differentiation of
visceral preadipocytes

Previous studies have demonstrated that the early
apoptosis of rat visceral preadipocytes is obviously pro-
moted by LIPUS stimulation[24]. However, the influ-
ence of an external acoustic stress on adipogenic
differentiation of preadipocytes has never been clearly
elucidated. To explore the effects of LIPUS on adipo-
cytes differentiation, we observed the adipogenic differ-
entiation of rat visceral preadipocytes under different
dose of daily LIPUS stimulation (Supplementary
Table). Adipogenic differentiation was estimated by
the formation of lipid droplets in preadipocytes visua-
lized by oil red O staining. The results showed that the
in situ peak negative pressure of the source transducer
1.2 MPa led to a prominent inhibition of lipid droplets
formation compared to untreated cells (Figure 1(a,b)).
To exclude that LIPUS increased cell proliferation prior
to adipogenic differentiation [25], we examined the
effect of LIPUS on preadipocyte proliferation.
Proliferation assay by EdU staining showed that the
number of EdU positive cells was not influenced after
LIPUS treatment (Figure 1(c,d)). These data suggested
that LIPUS could suppress adipogenic differentiation of
preadipocytes without affecting cell proliferation.

LIPUS influences C/EBPα and PPARγ pathway in
transcription and translation level

PPARγ and the three members of the C/EBPs family of
transcription factors play critical roles during adipo-
genic differentiation [8]. To clarify the molecular basis
of LIPUS on adipogenic differentiation of preadipo-
cytes, we measured the expression of PPARγ, C/EBPα,
C/EBPβ and C/EBPδ. We found that LIPUS treatment
downregulated the PPARγ and C/EBPα mRNA levels
but did not affect the C/EBPβ and C/EBPδ mRNA
levels (Figure 2(a)). Consistent with the changes of
mRNAs, western blot analysis showed that LIPUS sig-
nificantly reduced the protein levels of PPARγ and C/
EBPα compared to the control group (Figure 2(b,c)). In
accordance with the results of lipid droplets staining,
mRNA expression levels of the adipogenic marker
genes Fabp4 and adiponectin were significantly
decreased by LIPUS treatment (Figure 2(d)). To further
evaluate the effect of PPARγ in regulating the LIPUS-
induced suppression of adipogenic differentiation, pre-
adipocytes were treated with the PPARγ agonist ROZ.
The activation of PPARγ partially rescued the
decreased lipid droplets formation (Figure 2(e)) and

the decreased expression of adipogenic differentiation
markers (Figure 2(f)).

LIPUS up-regulates HDAC1 expression and affects
histone 3 and histone 4 acetylation modification

Previous reports have showed that ERK phosphorylation
is crucial for the inhibitory effects of adipogenesis and
stimulation with external acoustic stress could suppress
3T3-L1 cell differentiation through ERK signalling path-
way [26]. Thus, we examined the activation of ERK, P38
and JNK by western blotting. In contrast to the effect of
LIPUS in 3T3-L1 cells, LIPUS treatment did not affect the
protein levels of p-ERK, p-P38 and p-JNK in differen-
tiated rat visceral adipocytes (Figure 3(a,b)). HDAC1 have
been reported to be involved in regulating C/EBPα tran-
scription and inhibiting preadipocyte differentiation
[12,27]. We then tested whether the attenuated differen-
tiation of preadipocytes triggered by LIPUS was asso-
ciated with the changes of HDAC1 level. As illustrated
in Figure 3(c,d), LIPUS markedly increased nuclear pro-
tein level of HDAC1 and did not affect the levels of
HDAC2 and HDAC6 compared with the control group.
Inconsistent with the effect of HDAC1, obviously
decreased levels of AcH3 and AcH4 were observed in
the LIPUS-treated group.

SAHA could rescue the effects of LIPUS on
adipogenic differentiation

Preadipocytes were treated with both LIPUS and
SAHA regarded as HDACs inhibitor. The SAHA
treatment rescued the LIPUS-induced reduction of
lipid droplets formation (Figure 4(a)). Western blot-
ting assay showed that SAHA decreased the level of
HDAC1 and blocked the decreased levels of C/EBPα,
PPARγ, AcH3 and AcH4 induced by LIPUS (Figure 4
(b)). Meanwhile, the SAHA rescued the decreased
mRNA levels of adipogenic differentiation markers
(Figure 4(c)). In addition, we made use of PPARγ
antagonist GW9662 (5 μM) to illuminate the effect
of PPARγ antagonism on the SAHA’s effect. As
shown in Figure 4(d), PPARγ antagonist could reverse
the recovery effect of SAHA on the inhibition of
adipogenic differentiation induced by LIPUS.

Down-regulation of HDAC1 by SiRNA reverses the
effects of LIPUS on adipogenic differentiation

The SAHA treatment could partially reverse the inhi-
bitory effect of LIPUS on adipocyte differentiation.
SAHA is a general HDACs inhibitor and it didn’t
mean that the effect of SAHA was mediated by
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HDAC1. Therefore, HDAC1 was specifically knocked
down by siRNA. As showed in results, the specifical
down-regulation of HDAC1 could rescue the

reduction of lipid droplets formation (Figure 5(a))
and the decrease of C/EBPα, PPARγ, AcH3 and
AcH4 induced by LIPUS (Figure 5(b)).

Figure 1. Effects of LIPUS on rat preadipocyte differentiation and proliferation. Primary-cultured preadipocytes were treated with different
doses of ultrasound (0.8, 1.0 and 1.2 MPa) for 10min. (a) Preadipocyte differentiation after different dose of LIPUS treatment was visualized
by the oil red O staining. (b) Quantification of lipid droplet formation after different dose of LIPUS treatment. (c,d) Cell proliferation ability
was analyzed by flow cytometric analysis using cell-light EdU Apollo 488 kit staining. All values are expressed as the mean ± SEM of three
independent trials. Data were analyzed with independent t test. *** p < 0.001. Bar: 50 μm.
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Figure 2. Effects of LIPUS on gene expression associated with adipogenic differentiation. Cells were prepared for qPCR and western
after 2 d of adding adipogenic medium. We chose this time point because the levels of C/EBPs and PPARγ will be obviously up-
regulated in the stage of initial differentiation and the levels of C/EBP beta and delta will not change in the stage of terminal
differentiation compared to the stage of preadipocyte. (a) The mRNA levels of PPARγ, C/EBPα, C/EBPβ and C/EBPδ were examined by
qRT-PCR assay in differentiated preadipocytes after LIPUS treatment. (b,c) The protein expression levels of PPARγ and C/EBPα were
assessed by western blotting in differentiated preadipocytes after LIPUS treatment. (d) The mRNA levels of representative adipogenic
markers including Fabp4 and adiponectin after LIPUS treatment were examined by qRT-PCR. (e) Preadipocytes were treated with the
PPARγ agonist ROZ (1 μM). The effects of ROZ on the LIPUS-induced inhibition of preadipocyte differentiation were measured by oil
red O staining. (f) The effects of ROZ on adipogenic differentiation markers after LIPUS treatment were examined by qRT-PCR. 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, *** p< 0.001. Bar: 50 μm.
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Discussion

Compared with traditional treatment options, LIPUS
has advantage of having good security and avoiding
accumulative injury to the surrounding normal tissues.
LIPUS is a kind of micromechanical stress that is
already clinically applied in treating several diseases
including tumours and bone fracture healing.
Numerous studies have also revealed the bio-effects of
LIPUS such as increasing cell membrane penetrability
and regulating cell apoptosis, proliferation, differentia-
tion and migration [28–32]. Our previous study has
found that an average intensity of 109.44 mW/cm2

significantly promoted rat visceral preadipocyte apop-
tosis via elevating p-p38 [23]. In order to reduce the
thermal effect of ultrasound as much as possible, we
decrease the number of cycles and pulse repetition
frequency, and regulate voltage applied to each trans-
ducer during the course of the experiment. These
results suggested that LIPUS may be used for regulating
adipocyte differentiation in visceral adipose tissues,
then providing a valuable strategy for alleviating visc-
eral obesity and related diseases.

It is known that adipogenic differentiation is regu-
lated by some key adipogenic transcription factors [33].
PPARγ is recognized as a master transcriptional factor of
adipogenesis for preadipocyte differentiation. Three
members of the C/EBPs(C/EBPα, β and δ) family of
transcription factors have been regarded as serving a
critical role in adipogenesis in association with PPARγ.
In addition, Fabp4 and adiponectin, the representative
adipogenic markers, are also involved in the process of
lipid droplet accumulation [34]. Our data showed that
LIPUS obviously decreased the mRNA levels of C/EBPα,
PPARγ, Fabp4 and adiponectin during adipogenic dif-
ferentiation of rat visceral preadipocytes, and activation
of PPARγ by ROZ partially reversed the effect of LIPUS
on adipogenesis. These data suggest that LIPUS
mediated suppression of adipogenesis is dependent on
the downregulation of PPARγ and C/EBPα.

The ERK activation is a crucial signal event regulat-
ing the differentiation of various cell types, including
osteoblasts and adipocytes [35]. Some researchers
found that a 30 mW/cm2 dose of LIPUS could increase
ERK phosphorylation and influence the multilineage
differentiation of mesenchymal stem and progenitor

Figure 3. LIPUS increases HDAC1 expression and decreases histone 3 and histone 4 acetylation modification. (a) The phosphorylation
levels of ERK, P38 and JNK were analyzed by western blotting. (b) Quantification of p-ERK, p-P38 and p-JNK normalized to their total
proteins. (c) Nuclear protein levels of HDAC1, HDAC2, HDAC6, AcH3 and AcH4 were assessed by western blotting. (d) Quantification
of HDAC1, HDAC2, HDAC6, AcH3 and AcH4 normalized to Lamin B. Relative protein levels 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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cell lines [26]. Furthermore, one study also proved that
apelin suppresses adipogenic differentiation through an
ERK-dependent pathway in preadipocytes and mature
adipocytes [36]. We also study the association between
the level of ERK activation and LIPUS-induced

inhibition of adipogenic differentiation in rat visceral
preadipocytes. However, a 1.2 MPa dose of LIPUS
treatment did not appear to affect protein levels of p-
ERK, p-P38 and p-JNK in this study. Since our dose of
LIPUS is much lower than reported dose from other

Figure 4. SAHA could rescue the effects of LIPUS on adipogenic differentiation. Preadipocytes were treated with LIPUS combined
with the HDACs inhibitor SAHA. (a) The effects of HDAC1 inhibition on preadipocyte differentiation after LIPUS treatment were
evaluated by the oil red O staining. (b) The effects of HDAC1 inhibition on protein levels of PPARγ, C/EBPα, HDAC1, AcH3 and AcH4
after LIPUS treatment were assessed by western blotting. Quantification of indicated proteins normalized to lamin B(HDAC1, C/EBPα,
AcH3 and AcH4) or GAPDH(PPARγ). (c) The effects of HDAC1 inhibition on the mRNA expression of adipogenic differentiation
markers after LIPUS treatment were examined by qRT-PCR assay. (d) The effect of GW9662 on the SAHA’s effect after LIPUS
treatment were assessed by the oil red O staining. 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, *** p< 0.001, **** p< 0.0001. Bar: 50 μm.
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studies, we think that ERK is not the only factor
involved in LIPUS mediated suppression of adipogen-
esis. Our study also suggest that the low dose with high
acoustic pressure may be a good strategy for therapeu-
tic LIPUS.

HDACs have been reported to be involved in the
suppression of transcriptional responses and to be
involved in crucial cellular process such as differentia-
tion of the 3T3-L1 cells by suppressing transcriptional
activity of key genes, including C/EBPα [13,37]. Some
studies have demonstrated that HDAC1 acts as an
inhibitor of the adipogenic process via abrogating C/
EBPα and PPARγ transcription [35]. However, no data
has been reported linking the effect of LIPUS with
nuclear HDAC1 levels until recently. In the current
study, we found that LIPUS could inhibit preadipocyte
differentiation accompanied by the up-regulation of
HDAC1 and down-regulation of AcH3 and AcH4.
Inhibition of HDAC1 by SAHA rescued the LIPUS
mediated suppression of adipogenic differentiation
and the reduction of PPARγ, C/EBPα and adipogenic
markers. Our data suggest that LIPUS inhibits preadi-
pocyte differentiation in a HDAC1-dependent manner.
LIPUS may be used as a HDAC1 activator to alleviate

some adverse effects in normal tissues caused by clin-
ical application of HDAC inhibitor in cancer therapy.

Because of the different purposes of experiments, we
used a different mode of LIPUS in this study. In our
previous study, the higher dose of LIPUS was used to
investigate its pro-apoptotic effects on preadipocytes.
However, in this study, we aimed to reveal the mode
which can affect adipocyte differentiation without pro-
moting apoptosis. So preadipocytes were treated with
lower dose and longer time of LIPUS. The mode of
LIPUS could inhibit adipocyte differentiation and
down-regulate the level of PPARγ which is regarded
as the key transcriptional regulator of adipocyte differ-
entiation. Then the levels of p-P38 and PPARγ were
not up-regulated because the mode did not affect cell
apoptosis. Our data demonstrated that LIPUS performs
various biological functions in different parameter
conditions.

Taken together, our study demonstrated that micro-
mechanical stimulus by LIPUS suppresses primary visc-
eral preadipocyte differentiation. The LIPUS-induced
effects are mediated by HDAC1 and PPARγ signalling.
Our study suggests a potential strategy for clinical obe-
sity, especially visceral obesity management via LIPUS.

Figure 5. Down-regulation of HDAC1 by siRNA reverses the effects of LIPUS on adipogenic differentiation. Preadipocytes were
treated with LIPUS combined with the si-HDAC1. (a) The effects of HDAC1 inhibition by si-RNA on preadipocyte differentiation after
LIPUS treatment were evaluated by the oil red O staining. (b) The effects of HDAC1 inhibition by si-RNA on protein levels of PPARγ,
C/EBPα, HDAC1, AcH3 and AcH4 after LIPUS treatment were assessed by western blotting. Quantification of indicated proteins
normalized to lamin B(HDAC1, C/EBPα, AcH3 and AcH4) or GAPDH(PPARγ). 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, *** p< 0.001. Bar: 50 μm.

ADIPOCYTE 301



Authors’ contributions

TX, KZ and WS designed the study and drafted the manu-
script; XG, JT, and DZ made substantial contributions to
study conception and design, data analysis and interpreta-
tion, and drafting and revising the manuscript; WS and XK
provided technical support and revised the manuscript; TX
and KZ performed the experiments and analyzed data. All
authors read and approved the final manuscript.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by grants from the National
Natural Science Foundation of China [No. 81627802, No.
81570247], and the Priority Academic Program
Development of Jiangsu Higher Education Institutions
[PAPD2014-2016]. Dr. Wei Sun is an assistant Fellow at the
Collaborative Innovation Center for Cardiovascular Disease
Translational Medicine, Dr. Xiangqing Kong is a Fellow at
the Collaborative Innovation Center For Cardiovascular
Disease Translational Medicine.

ORCID

Wei Sun http://orcid.org/0000-0003-0833-0445

References

[1] Rosen ED, MacDougald OA. Adipocyte differentiation
from the inside out. Nat RevMolCell Biol. 2006;7:885–896.

[2] Spiegelman BM, Flier JS. Obesity and the regulation of
energy balance. Cell. 2001;104:531–543.

[3] Grundy SM. Overnutrition, ectopic lipid and the meta-
bolic syndrome. J Investig Med. 2016;64:1082–1086.

[4] Abraham TM, Pedley A, Massaro JM, et al. Association
between visceral and subcutaneous adipose depots and
incident cardiovascular disease risk factors.
Circulation. 2015;132:1639–1647.

[5] Rosen ED, Spiegelman BM. Adipocytes as regulators of
energy balance and glucose homeostasis. Nature.
2006;444:847–853.

[6] Spalding KL, Arner E, Westermark PO, et al. Dynamics
of fat cell turnover in humans. Nature. 2008;453:783–787.

[7] Fried SK, Lee MJ, Karastergiou K. Shaping fat distribu-
tion: new insights into the molecular determinants of
depot- and sex-dependent adipose biology. Obesity
(Silver Spring). 2015;23:1345–1352.

[8] Tang QQ, Lane MD. Activation and centromeric loca-
lization of CCAAT/enhancer-binding proteins during
the mitotic clonal expansion of adipocyte differentia-
tion. Genes Dev. 1999;13:2231–2241.

[9] Rosen ED, Spiegelman BM. Molecular regulation of adi-
pogenesis. Annu Rev Cell Dev Biol. 2000;16:145–171.

[10] Bannister AJ, Kouzarides T. Regulation of chromatin
by histone modifications. Cell Res. 2011;21:381–395.

[11] Maunakea AK, Chepelev I, Zhao K. Epigenome map-
ping in normal and disease states. Circ Res.
2010;107:327–339.

[12] Wiper-Bergeron N, Wu D, Pope L, et al. Stimulation of
preadipocyte differentiation by steroid through targeting
of an HDAC1 complex. Embo J. 2003;22:2135–2145.

[13] Abdou HS, Atlas E, Hache RJ. Liver-enriched inhibi-
tory protein (LIP) actively inhibits preadipocyte differ-
entiation through histone deacetylase 1 (HDAC1). J
Biol Chem. 2011;286:21488–21499.

[14] Jin J, Iakova P, Jiang Y, et al. Transcriptional and
translational regulation of C/EBPbeta-HDAC1 protein
complexes controls different levels of p53, SIRT1, and
PGC1alpha proteins at the early and late stages of liver
cancer. J Biol Chem. 2013;288:14451–14462.

[15] Leone L, Raffa S, Vetrano M, et al. Extracorporeal
Shock Wave Treatment (ESWT) enhances the in
vitro-induced differentiation of human tendon-derived
stem/progenitor cells (hTSPCs). Oncotarget.
2016;7:6410–6423.

[16] Brown MR, Farquhar-Smith P, Williams JE, et al. The
use of high-intensity focused ultrasound as a novel
treatment for painful conditions-a description and nar-
rative review of the literature. Br J Anaesth.
2015;115:520–530.

[17] Pan H, Zhou W, Wang S. Pulsed focused ultrasound
stimulates the release of tumor biomarkers into the
blood circulation. Radiology. 2017;285:1058–1060.

[18] Mizrahi N, Zhou EH, Lenormand G, et al. Low inten-
sity ultrasound perturbs cytoskeleton dynamics. Soft
Matter. 2012;8:2438–2443.

[19] Rutten S, Nolte PA, Korstjens CM, et al. Low-intensity
pulsed ultrasound affects RUNX2 immunopositive
osteogenic cells in delayed clinical fracture healing.
Bone. 2009;45:862–869.

[20] Hitchcock KE, Holland CK. Ultrasound-assisted
thrombolysis for stroke therapy: better thrombus
break-up with bubbles. Stroke. 2010;41:S50–3.

[21] Su WS, Wu CH, Chen SF, et al. Low-intensity pulsed
ultrasound improves behavioral and histological out-
comes after experimental traumatic brain injury. Sci
Rep. 2017;7:15524.

[22] Atherton P, Lausecker F, Harrison A, et al. Low-inten-
sity pulsed ultrasound promotes cell motility through
vinculin-controlled Rac1 GTPase activity. J Cell Sci.
2017;130:2277–2291.

[23] Xu T, Gu J, Li C, et al. Low-intensity pulsed ultrasound
suppresses proliferation and promotes apoptosis via
p38 MAPK signaling in rat visceral preadipocytes.
Am J Transl Res. 2018;10:948–956.

[24] Jin Y, Han Y, Khadka DB, et al. Discovery of isoqui-
nolinoquinazolinones as a novel class of potent
PPARgamma antagonists with anti-adipogenic effects.
Sci Rep. 2016;6:34661.

[25] Cowherd RM, Lyle RE, McGehee RE Jr. Molecular
regulation of adipocyte differentiation. Semin Cell
Dev Biol. 1999;10:3–10.

[26] Kusuyama J, Bandow K, Shamoto M, et al. Low
intensity pulsed ultrasound (LIPUS) influences the

302 T. XU ET AL.



multilineage differentiation of mesenchymal stem
and progenitor cell lines through ROCK-Cot/Tpl2-
MEK-ERK signaling pathway. J Biol Chem.
2014;289:10330–10344.

[27] Kuzmochka C, Abdou HS, Hache RJ, et al. Inactivation
of histone deacetylase 1 (HDAC1) but not HDAC2 is
required for the glucocorticoid-dependent CCAAT/
enhancer-binding protein alpha (C/EBPalpha) expres-
sion and preadipocyte differentiation. Endocrinology.
2014;155:4762–4773.

[28] Guo G, Ma Y, Guo Y, et al. Enhanced porosity and
permeability of three-dimensional alginate scaffolds
via acoustic microstreaming induced by low-intensity
pulsed ultrasound. Ultrason Sonochem. 2017;37:
279–285.

[29] Zhang B, Zhou HS, Cheng Q, et al. Low-frequency
ultrasound induces apoptosis of rat aortic smooth mus-
cle cells (A7r5) via the intrinsic apoptotic pathway.
Genet Mol Res. 2014;13:3143–3153.

[30] Bohari SP, Grover LM, Hukins DW. Pulsed low-
intensity ultrasound increases proliferation and
extracelluar matrix production by human dermal
fibroblasts in three-dimensional culture. J Tissue
Eng. 2015;6:2041731415615777.

[31] Gao Q, Walmsley AD, Cooper PR, et al. Ultrasound
stimulation of different dental stem cell populations:
role of mitogen-activated protein kinase signaling. J
Endod. 2016;42:425–431.

[32] Jang KW, Ding L, Seol D, et al. Low-intensity pulsed
ultrasound promotes chondrogenic progenitor cell
migration via focal adhesion kinase pathway.
Ultrasound Med Biol. 2014;40:1177–1186.

[33] Christodoulides C, Lagathu C, Sethi JK, et al.
Adipogenesis and WNT signalling. Trends Endocrinol
Metab. 2009;20:16–24.

[34] Chen YY, Lee MH, Hsu CC, et al. Methyl cinnamate
inhibits adipocyte differentiation via activation of the
CaMKK2-AMPK pathway in 3T3-L1 preadipocytes. J
Agric Food Chem. 2012;60:955–963.

[35] Widmann C, Gibson S, Jarpe MB, et al. Mitogen-acti-
vated protein kinase: conservation of a three-kinase mod-
ule from yeast to human. Physiol Rev. 1999;79:143–180.

[36] Than A, Cheng Y, Foh LC, et al. Apelin inhibits adi-
pogenesis and lipolysis through distinct molecular
pathways. Mol Cell Endocrinol. 2012;362:227–241.

[37] Reichert N, Choukrallah MA, Matthias P. Multiple roles
of class I HDACs in proliferation, differentiation, and
development. Cell Mol Life Sci. 2012;69:2173–2187.

ADIPOCYTE 303


	Abstract
	Introduction
	Materials and methods
	Isolation and culture of rat visceral preadipocytes
	Adipocyte differentiation
	Oil Red-O staining
	Low-intensity pulsed ultrasound stimulation
	Flow cytometric analysis of cell proliferation
	Western blot
	Nuclear protein extraction
	qRT-PCR
	Identification surface markers of preadipocytes
	RNA interference
	The flowchart of experiment
	Statistical analysis

	Results
	LIPUS suppresses adipogenic differentiation of visceral preadipocytes
	LIPUS influences C/EBPα and PPARγ pathway in transcription and translation level
	LIPUS up-regulates HDAC1 expression and affects histone 3 and histone 4 acetylation modification
	SAHA could rescue the effects of LIPUS on adipogenic differentiation
	Down-regulation of HDAC1 by SiRNA reverses the effects of LIPUS on adipogenic differentiation

	Discussion
	Authors’ contributions
	Disclosure statement
	Funding
	References



