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Objectives. Erectile dysfunction is a major comorbidity of diabetes. Stem cell transplantation is a promising method to treat
diabetic erectile dysfunction. In this study, we evaluated whether low-intensity pulsed ultrasound (LIPUS) could enhance the
efficacy of adipose-derived stem cells (ADSCs) and investigated the underlying molecular mechanism. Materials and methods.
Sixty 8-week-old male Sprague–Dawley rats were randomly divided into the normal control (NC) cohort or the streptozocin-
induced diabetic ED cohort, which was further subdivided into DM, ADSC, LIPUS, and ADSC+LIPUS groups. Rats in the
ADSC or ADSC+LIPUS group received ADSC intracavernosal injection. Rats in the LIPUS or ADSC+LIPUS group were
treated with LIPUS. The intracavernous pressure (ICP) and mean arterial pressure (MAP) were recorded at Day 28 after
injection. The corpus cavernosum tissues were harvested and subjected to histologic analysis and ELISA. The effects of LIPUS
on proliferation and cytokine secretion capacity of ADSCs were assessed in vitro. RNA sequencing and bioinformatic analysis
were applied to predict the mechanism involved, and western blotting and ELISA were used for verification. Results. Rats in
the ADSC+LIPUS group achieved significantly higher ICP and ICP/MAP ratios than those in the DM, ADSC, and LIPUS
groups. In addition, the amount of cavernous endothelium and cGMP level also increased significantly in the ADSC+LIPUS
group. In vitro experiments demonstrated that LIPUS promoted proliferation and cell cycle progression in ADSCs. The
excretion of cytokines such as CXCL12, FGF2, and VEGF was also enhanced by LIPUS. Bioinformatic analysis based on RNA
sequencing indicated that LIPUS stimulation might activate the MAPK pathway. We confirmed that LIPUS enhanced ADSC
VEGF secretion through the Piezo-ERK pathway. Conclusion. LIPUS enhanced the curative effects of ADSCs on diabetic
erectile dysfunction through the activation of the Piezo-ERK-VEGF pathway. ADSC transplantation combined with LIPUS
could be applied as a synergistic treatment for diabetic ED.

1. Introduction

Erectile dysfunction (ED), which is defined as the persistent
failure to achieve and/or maintain sufficient erection to attain
satisfactory sexual intercourse, is common in men suffering
from diabetes mellitus (DM) [1]. Not only does ED impose a
heavy psychological burden on patients, but it also damages
their relationship with their partners, thus vastly decreasing

their quality of life. Currently, oral phosphodiesterase type 5
inhibitors (PDE5i) are the first-line treatment for ED. How-
ever, due to the pathological cavernous changes caused by dia-
betes, the response rates of these ED patients to PDE5is are far
from satisfactory and call for more potent treatments [2].

Adipose-derived stem cells (ADSCs) aremesenchymal stem
cells. Accumulating evidence shows that ADSCs havemultiline-
age differentiation potential, immunomodulatory effects, and
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angiogenesis-promoting ability [3]. Further studies have dem-
onstrated that ADSCs could improve erectile function in differ-
ent ED rat models [4–6]. Meanwhile, the large abundance of
ADSCs in easily accessible subcutaneous adipose tissues makes
ADSCs an attractive solution for medical usage [7]. Nonethe-
less, hypocellular activity after injection and a low retention rate
in the cavernosum still restrain the practical application of
ADSC-based therapy [6].

Low-intensity pulsed ultrasound (LIPUS) is a kind of spe-
cial ultrasound that transmits as a pulsed wave and carries less
energy (usually less than 3W/cm2) than traditional ultra-
sound. It is generally delivered at a frequency ranging from 1
to 3MHz and pulsed at 1 kHz. To date, the efficiency of LIPUS
on ED has been demonstrated in both preclinical and clinical
studies [8–10]. Increasing evidence suggests that LIPUS-
mediated stem cell activation plays a pivotal role in tissue
regeneration [11–13]. Therefore, it is worthwhile to investigate
whether ADSC transplantation supplemented with LIPUS
treatment would result in a better clinical outcome.

In the present study, we established diabetic ED rat models
with streptozocin. Erectile function improvements were
assessed with ICP measurement. The histological changes were
evaluated via immunofluorescence staining and ELISA. Based
on in vitro experiments, we researched the effects of LIPUS
on the proliferation and secretion ability of ADSCs. In addi-
tion, themolecular mechanism behind LIPUS-mediated ADSC
activation was also revealed.

2. Materials and Methods

2.1. ADSC Culture and Identification. Sprague–Dawley rat
adipose-derived stem cells (ADSCs) were obtained from
Cyagen (Guangzhou, China). The cells were cultured in
ADSC complete medium (Cyagen, China). The media were
replaced every 2 days, and at passages 3-4, the cells were
used for experiments. Osteogenic induction and adipogenic
induction assays were employed for the identification of
stem cells. For osteogenic differentiation, approximately
2× 104 cells per well were seeded onto a 6-well plate. After
the ADSCs reached 70% confluence, the media were
replaced with osteogenic differentiation media (Cyagen,
China). The media were replaced every 3 days. After a 2-
week osteoinduction, the calcium nodules were stained with
alizarin red S. For adipogenic differentiation assays, ADSCs
were seeded at a density of 2× 104 cells per well in a 6-well
plate. Cells were incubated for 21 days in adipogenesis
induction media (Cyagen, China), which was replaced every
3 days. The lipid droplets were stained with oil red O solu-
tion (Cyagen, China). Surface marker identification was per-
formed using a Rat ADSC Analysis Kit (Cyagen, China)
according to the manufacturer’s recommended protocol.

2.2. Animal Model Establishment and ADSC Transplantation.
Sixty 8-week-old male Sprague–Dawley rats were purchased
from the animal center of Shanghai General Hospital. After
fasting for 12 hours, 10 randomly selected rats were injected
intraperitoneally with vehicle (0.1mol/L citrate solution,
pH4.5, Regal, Shanghai, China) and were enrolled in the nor-
mal control (NC) group. The remainder was injected intraper-

itoneally with a freshly prepared 50mg/kg streptozocin (STZ)
citrate solution (Sigma–Aldrich, St. Louis, MO). The tail vein
blood glucose was monitored 72 hours after the intraperitoneal
injection. Only rats with fasting blood glucose over 16.7mmol/L
were regarded as diabetic and screened for further studies. Apo-
morphine (100μg/kg, Macklin, Shanghai, China) was used for
screening diabetic ED rats according to a previous study [14].
Forty successfully established diabetic ED rat models were ran-
domly divided into the DM control (DM) group, ADSC trans-
plantation (ADSC) group, LIPUS treatment (LIPUS) group,
and ADSC transplantation plus LIPUS treatment (ADSC
+LIPUS) group.

Rats were anesthetized with Zoletil 50 (50mg/kg, Virbac,
France) intramuscular injection after 4 weeks of STZ induc-
tion. Rats in the NC group, DM group, and LIPUS group
received an intracavernous injection of 200μl PBS. A total
of 1× 106 ADSCs suspended in 200μl PBS were injected into
the cavernosum of rats in the ADSC group and ADSC
+LIPUS group. CM-Dil (YEASEN, Shanghai, China)-labeled
ADSC intracavernous engraftment was implemented to
track the fate of transplanted stem cells. Briefly, ADSCs were
incubated with CM-Dil working buffer at room temperature
for 5 minutes and then at 4°C for another 15 minutes. Then,
the cells were rinsed with PBS twice and collected for trans-
plantation. Approximately 1× 106 CM-Dil-labeled ADSCs
were engrafted as described before. One, 3, and 5 days later,
the rats were sacrificed, penis tissues were harvested, and the
nuclei were stained with DAPI. Images were captured with
fluorescence microscopy. All animal experimental protocols
were approved by the Medical Ethics Committee of the
Shanghai General Hospital.

2.3. LIPUS Treatment. Immediately after ADSC transplanta-
tion, rats in the LIPUS group and ADSC+LIPUS group were
treated with 200mW/cm2 ultrasound for 5 minutes, each
time delivered by a low-intensity pulsed ultrasound thera-
peutic machine (WanBeiLi, Beijing, China). The frequency
of ultrasound was set at 1.7MHz, and the pulse interval ratio
was adjusted to 1 : 4 (200μs:800μs). Rats were treated with
LIPUS 3 times per week for a total of 2 weeks.

LIPUS treatment was applied to cultured ADSCs
in vitro. The cell media were refreshed ahead of ultrasound
exposure. A thin layer of ultrasound gel was applied to the
LIPUS transducer before it was tightly appressed to the bot-
tom of the culture plate. The cells were then exposed to
ultrasound stimulation under the following conditions: a fre-
quency of 1.7MHz, a pulse duty cycle of 1 : 4 (200μs:800μs),
different energy intensities (100mW/cm2, 200mW/cm2,
300mW/cm2), and an exposure time of 5 minutes.

2.4. Erectile Function Evaluation. Two weeks after the final
LIPUS treatment, intracavernous pressure (ICP) and mean
arterial blood pressure (MAP) were detected to evaluate erec-
tile function as previously described [8]. The major pelvic gan-
glion (MPG) and cavernous nerve (CN) were exposed via
lower abdomen midline laparotomy. The cavernosum was
cannulated with a heparinized (250U/ml) 23-gauge butterfly
needle connected to a multichannel physiological signal
recorder (MP160, Biopac Systems, Goleta, CA). A stainless
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electrode hook was utilized to stimulate CNs. The stimulus
parameters were 5V, 20Hz, pulse width of 5msec, and a dura-
tion of 50 seconds. The maximum ICP increases of three stim-
ulations were recorded for statistical analysis for each rat.
MAP was recorded using a 23-gauge needle inserted into the
right carotid artery. The ICP/MAP ratio was calculated for
each rat to eliminate individual differences, and the mean
ICP/MAP ratio was then used for statistical analysis.

2.5. Immunohistology. Rats were sacrificed after erectile func-
tion evaluation, and their penises were harvested, fixed, and
sliced into 5-μm sections for immunofluorescence assays. The
immunofluorescent staining procedures were described in
[15]. Primary antibodies against eNOS (Servicebio, Wuhan,
China) andVonWillebrand Factor (Servicebio,Wuhan, China)
were used. 4′,6-diamidino-2-phenylindole (DAPI) was applied
to stain nuclei.

2.6. Cell Viability Assay. ADSCs were seeded into 96-well
plates at a density of 1×104 cells per well. All adherent cells
were treated with LIPUS as described before. After incubation
at 37°C for 24 hours, ADSCs in each well were incubated with
10μl CCK8 solution for 2 hours. The absorbance was detected
at 450nm using a microplate reader.

2.7. Colony Formation Assay. Approximately 500 ADSC cells
were seeded into each well of 6-well plates. LIPUS treatment
was carried out 3 times per week. After 14 days of incuba-
tion, clones were fixed and stained with crystal violet.

2.8. EdU Assay. The proliferation ability of ADSCs was mea-
sured with a 5-ethynyl-20-deoxyuridine (EdU) assay kit
(Beyotime, Shanghai, China). In brief, ADSCs were seeded
into confocal plates at a density of 5×105 cells per well. Then,
10μM EdU buffer was added to the culture medium. Cells in
the LIPUS group were treated with LIPUS as described before.
After incubation at 37°C in the dark for 4 hours, ADSCs were
rinsed with PBS twice, fixed with 4% paraformaldehyde for 15
minutes, and permeabilized with 0.3% Triton X-100 for 10
minutes. Cell nuclei were stained with Hoechst. Images were
captured with a Leica TCS SP8 confocal microscope.

2.9. Cell Cycle Assay. Twenty-four hours after LIPUS stimu-
lation, ADSCs were harvested and fixed overnight in pre-
cooled 70% ethanol. A cell cycle analysis kit (Beyotime,
Shanghai, China) was utilized to analyze the cell cycle of
ADSCs in either the control group or the LIPUS group
according to the manufacturer’s instructions. Cells were
stained with PI solution and detected with the FL2 channel
on a BD Accuri C6 flow cytometry machine.

2.10. Quantitative Real-Time PCR (qRT–PCR). TRIzol reagent
(Life Technologies, CA, USA) was used to extract total RNA
from ADSCs 2 hours after LIPUS stimulation. A PrimeScript
RT reagent kit (Takara, Otsu, Japan) was used to generate
cDNA. Quantitative real-time PCR using a TB Green Premix
Ex Taq II kit (Takara, Otsu, Japan) was carried out on a
QuantStudio™ 6 Flex Real-Time PCR system. The 2 -ΔΔCt
method was employed to calculate the gene expression com-

pared to GAPDH as the internal control. The primers used
in this study are listed in Supplementary Table 1.

2.11. Enzyme-Linked Immunosorbent Assay (ELISA). Approxi-
mately 50mg of cavernous tissues were homogenized in tissue
lysis buffer special for nitric oxide assay (Beyotime, Shanghai,
China) and centrifuged at 12000×g for 5 minutes. The super-
natant was collected for the BCA assay (Beyotime, Shanghai,
China) to measure the protein concentration of each sample.
The cavernous cGMP level was determined using a commercial
ELISA kit (Jiangsu Meibiao Biotechnology, Jiangsu, China).

Two hours after LIPUS treatment, the supernatant of
ADSCs was collected for ELISAs. The samples were analyzed
using CXCL12, FGF2, VEGF, NGF, HGF, and IGF1 com-
mercial ELISA kits obtained from Jiangsu Meibiao Biotech-
nology (Jiangsu, China) according to the manufacturer’s
protocol. The absorbance was measured using a microplate
reader.

2.12. RNA Sequencing and Bioinformatic Analysis. Two hours
after the initiation of LIPUS treatment, the total RNA from
ADSCs in either the control group or the LIPUS group was
used for RNA sequencing, performed by Genergy Biotechnol-
ogy Inc. (Shanghai, China). Differentially expressed genes
(DEGs) were identified with the DESeq2 R package based on
the criteria of |log2FC|≥1 and p value <0.05 [16]. The top 30
DEGs were presented using the pheatmap R package [17].
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses were performed using the online
web tool DAVID [18, 19]. The STRING database (Version:
11.5) was used to generate protein–protein interaction (PPI)
networks [20]. The Cytoscape plugin cytoHubba was used to
identify the top 12 hub genes.

2.13. Western Blotting. ADSCs were pretreated with PD98059
(HY-12028, 80μM, MedChemExpress), GsMTx4 (HY-
P1410A, 5μM, MedChemExpress), and Yoda1 (HY-18723,
30μM, MedChemExpress) for 1 hour as requested, and the
cells were harvested 2 hours after LIPUS stimulation without
specification. ADSCs were lysed on ice with RIPA buffer (Beyo-
time, Shanghai, China) containing the protease inhibitor PMSF
(Beyotime, Shanghai, China) and Phosphatase Inhibitor Cock-
tail (YEASEN, Shanghai, China). The protein concentrations of
cell lysates were measured using a BCA protein assay kit (Beyo-
time, Shanghai, China). Protein samples (15μg) were separated
on 10% SDS-polyacrylamide gels and transferred to polyvinyli-
dene fluoride membranes. The membranes were then blocked
with 10% bovine serum albumin (BSA) for 1 hour at room
temperature and incubated with primary antibodies at 4°C
overnight. The primary antibodies used in this study were
ERK (ab184699, 1 : 10000, Abcam, USA), p-ERK (ab76299,
1 : 5000, Abcam, USA), VEGFA (ab214424, 1 : 1000, Abcam,
USA), and GAPDH (ab181602, 1 : 10000, Abcam, USA). After
being rinsed with TBST, the membranes were hybridized with
secondary antibodies and reacted with ECL solution (NCM
Biotech Co., Ltd, Suzhou, China). The chemiluminescent
images were taken, and the density of each protein band was
determined using ImageJ software.
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Figure 1: Characterization of ADSCs. (a) ADSCs expressed MSC markers (CD29, CD44, and CD90) but were negative for CD11b/c, CD34,
and CD45. (b) After adipogenic induction, the accumulation of lipid droplets in ADSCs was stained with Oil Red O. (c) After osteogenic
induction, the accumulation of mineralized nodes in ADSCs was stained with alizarin red S. D The cell viability of ADSCs without or
with 100mW/cm2, 200mW/cm2, and 300mW/cm2 intensities of LIPUS treatment. Data are presented as the mean± standard deviation.
ns p > 0:05 compared with the NC group. ∗p < 0:05 when comparing the NC group.

4 Stem Cells International



150

100

50

0

0 50 100

Times (s)

NC
IC

P 
(m

m
H

g)

(a)

150

100

50

0

0 50 100

Times (s)

IC
P 

(m
m

H
g)

DM

(b)

150

100

50

0

0 50 100

Times (s)

ADSC

IC
P 

(m
m

H
g)

(c)

LIPUS

150

100

50

0

0 50 100

Times (s)

IC
P 

(m
m

H
g)

(d)

150

100

50

0

0 50 100

Times (s)

ADSC + LIPUS

(e)

1.0

0.8

0.6

0.4

0.2

0.0

NC
DM

ADSC
LIPUS

ADSC
 + LIPUS

M
ax

 (I
CP

/M
A

P)

⁎
⁎

!⁎
#⁎

(f)

Figure 2: Continued.
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2.14. Statistical Analysis. The results were analyzed using
GraphPad Prism 7.00 (GraphPad Software Inc., La Jolla, CA,
USA) and are presented as the mean± standard deviation.
Two-tailed Student’s t test was performed for statistical analy-
sis between two groups. One-way ANOVA followed by
Tukey’s multiple comparison test was used for comparisons
among groups. A p value <0.05 was considered statistically
significant. All experiments were independently implemented
at least three times.

3. Results

3.1. Identification of ADSCs and Biosafety Assessment of
LIPUS. Flow cytometry was implemented to investigate the
cell membrane antigens of ADSCs. The results demonstrated
that ADSCs were positive for MSC markers (CD29, CD44,
and CD90) but negative for CD11b/c, CD34, and CD45
(Figure 1(a)). The multilineage differentiation potential of
ADSCs was also examined. The accumulation of lipid droplets
in adipogenic ADSC cytoplasmwas shown byOil RedO stain-
ing (Figure 1(b)). Alizarin red staining detected mineralized
nodes in osteogenic ADSCs (Figure 1(c)). LIPUS of different
intensities was applied to ADSCs to evaluate its biosafety. The
results of CCK8 demonstrated that 100mW/cm2 LIPUS had
little effect on the proliferation of ADSCs, while LIPUS with
an intensity of 300mW/cm2 significantly inhibited cell prolifer-
ation. However, LIPUS stimulation at 200mW/cm2 promoted
a significant increase in ADSC proliferation (Figure 1(d)).
Therefore, LIPUS at 200mW/cm2 was safe and effective for
the stimulation of ADSCs.

3.2. ADSC Therapy Combined with LIPUS Improves Erectile
Function in Diabetic ED Rat Models. A streptozotocin-
induced diabetic ED model was established in rats. After STZ
injection, rats with blood glucose levels ≥16.7mmol/L were
screened out for further studies. Compared to the NC group
(0.89±0.03, 0.81±0.02), the maximal ICP/MAP ratios and

total ICP/MAP ratios significantly decreased in the DM group
(0.19±0.02, 0.12±0.01), which indicated successful establish-
ment of the diabetic EDmodel (Figures 2(a) and 2(b)). Intraca-
vernous injection of ADSCs (0.32±0.03, 0.23±0.01), LIPUS
treatment (0.46±0.01, 0.32±0.02), and intracavernous injec-
tion of ADSCs combined with LIPUS treatment (0.61±0.02,
0.46±0.03) improved erectile function to varying degrees, as
reflected by the significantly elevated maximal ICP/MAP ratios
and total ICP/MAP ratios (Figures 2(c)–2(e)). The significant
increase inmaximal ICP/MAP ratios and total ICP/MAP ratios
in the ADSC+LIPUS group compared to either the ADSC or
LIPUS group suggested that synergistic therapy achieved the
best recovery of erectile function in diabetic rats (Figures 2(f)
and 2(g)). Moreover, we monitored the fate of transplanted
stem cells using CM-Dil-labeled ADSCs. Both the ADSC and
ADSC+LIPUS groups’ cavernous samples contained a signifi-
cant number of stem cells one day after transplantation. Three
days later, more stem cells remained in the ADSC+LIPUS
group. On the fifth day after transplantation, more stem cells
were detected in the ADSC+LIPUS group, while few cells were
present in the ADSC group. These findings indicated that
LIPUS stimulation might prolong the retention of ADSCs in
the corpus cavernosum (Supplementary Figure 1).

3.3. ADSC Therapy Combined with LIPUS Improves the
Cavernous Endothelium in Diabetic ED Rat Models. Since the
cavernous endothelium is fundamental for normal erections,
we analyzed the expression of the endothelial markers eNOS
and vWF via immunofluorescence to assess changes in cav-
ernous vascular density. The results demonstrated that eNOS-
and vWF-positive areas were significantly decreased in the
DM group compared to the NC group. ADSC transplantation,
LIPUS treatment, and synergistic therapy significantly
increased the ratio of eNOS- and vWF-positive areas
(Figure 3(a)). In addition, the eNOS- and vWF-positive areas
were significantly larger in the synergistic group than in either
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Figure 2: Erectile function at 4 weeks after the initiation of treatment. (a–e) Representative intracavernous pressure (ICP) responses to
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Figure 3: Endothelial content variations in the corpus cavernosum. (a) Representative immunofluorescence staining of eNOS (red) and
vWF (red) in penile tissues from the NC, DM, ADSC, LIPUS, and ADSC+LIPUS groups. (b) Quantitative data of cavernous eNOS-
positive endothelial cell content using ImageJ. (c) Quantitative data of cavernous vWF-positive endothelial cell content using ImageJ. (d)
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comparing the NC group. !∗p < 0:05 when comparing the ADSC group. #∗p < 0:05 when comparing the LIPUS group.

7Stem Cells International



the ADSC or LIPUS group (Figures 3(b) and 3(c)). ADSC
therapy combined with LIPUS had beneficial effects on the
endothelial contents in the cavernosum. As the cavernous
endothelium exerts physiological functions through the
eNOS-NO-cGMP pathway to mediate vasodilation and con-
tribute to erection, we detected the level of cGMP in the corpus
cavernosum to evaluate its function. Figure 3(d) shows that
cGMP levels increased in the ADSC, LIPUS, and ADSC
+LIPUS groups, while ADSC therapy combined with LIPUS

promoted a more significant increase. To conclude, these
results indicated that synergistic therapy resulted in superior cav-
ernous vascular improvement compared with monotherapies.

3.4. LIPUS Therapy Enhances ADSC Proliferation. Although
the results of in vivo studies were encouraging, the interaction
between LIPUS and ADSCs still has not yet been discussed.
Therefore, we conducted in vitro experiments to further inves-
tigate the impacts of LIPUS onADSCs. Colony formation assay
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Figure 4: LIPUS promoted ADSC proliferation. (a), B Colony formation of ADSCs without and with LIPUS stimulation. (c), D The cell
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Figure 5: Continued.
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results showed that LIPUS-treated ADSCs formed significantly
more colonies than those in the control group, indicating
LIPUS could promote cell proliferation (Figures 4(a) and
4(b)). Moreover, cell cycle analysis demonstrated that LIPUS
treatment decreased the proportion of cells in the G0/G1 and
S phases but increased the number of cells in the G2 phase
(Figures 4(c) and 4(d)). The results of the EdU assay also
showed that the ratio of cells stained blue and red, which rep-
resents proliferating cells, was significantly greater in the LIPUS
stimulation group (Supplementary Figure 2). These results
suggested that LIPUS enhanced the proliferation of ADSCs
through the promotion of the S-to-G2 phase transition.

3.5. LIPUS Therapy Promotes Cytokine Secretion by ADSCs.
Given the pivotal role of cytokines in tissue regeneration,
we further evaluated the effects of LIPUS on the paracrine
function of ADSCs. qRT–PCR elucidated that LIPUS stimu-
lation significantly upregulated the mRNA expression levels
of cytokines such as CXCL12, FGF2, VEGF, NGF, HGF, and
IGF1 (Figures 5(a)–5(f)). Furthermore, the concentrations
of CXCL12, FGF2, and VEGF in the supernatant were aug-
mented after LIPUS treatment, whereas no significant
changes were observed in the levels of NGF, HGF, and
IGF1. These data indicated that LIPUS promoted ADSCs
to secrete cytokines such as CXCL12, FGF2, and VEGF.

3.6. Bioinformatic Analysis of LIPUS-Mediated ADSC
Activation. To explore the mechanism of LIPUS-mediated
ADSC activation, RNA-seq was performed to conduct gene
expression profiling analysis. Among 354 differentially
expressed genes, LIPUS treatment upregulated 174 genes
and downregulated 180 genes. The heat map plot presented
the top 30 genes with the greatest changes in expression
(Figure 6(a)). DAVID Bioinformatics Resources was utilized
to analyze Gene Ontology (Figure 6(c)). The results showed
that LIPUS regulated the biological processes involved in the
immune response, inflammatory response, and positive reg-
ulation of angiogenesis. In terms of molecular function,
cytokine activity, MAP kinase tyrosine/serine/threonine
phosphatase activity, and interleukin-1 receptor binding
were found to be activated. KEGG pathway analysis identi-
fied the LIPUS-mediated activation of the TNF signaling
pathway, NOD-like receptor signaling pathway, MAPK sig-

naling pathway, and cytokine–cytokine receptor interaction.
However, protein digestion and absorption and lysine degra-
dation were predicted to be inhibited. Afterward, the pro-
tein–protein interaction network was constructed using
STRING database (Supplementary Figure 3). CytoHubba
was further used to analyze the top 12 hub genes,
including Csf3, Cxcl1, Cxcl2, Fosb, Hmox1, IL15, IL1a,
IL1b, Mpo, Nfkbia, Nos3, and Nr4a1 (Figure 6(b)).
Bioinformatic analysis indicated that LIPUS might trigger
the activation of the MAPK pathway and angiogenesis.

3.7. Effects of LIPUS on the ADSC ERK-VEGF Pathway.
Western blotting was then used to detect the expression
levels of related proteins to verify the bioinformatic results.
LIPUS barely changed the expression of total ERK in ADSCs
(Figure 7(a)). However, p-ERK significantly increased
immediately after LIPUS stimulation but decreased at 2
hours after treatment (Figure 7(b)). Furthermore, the
expression of VEGF was also elevated after the initiation of
LIPUS, which was consistent with the ELISA results
(Figures 4(c) and 7(c)). To further discover the relationship
between the ERK pathway and VEGF expression, PD98059,
an ERK1/2 pathway inhibitor, was applied (Figure 7(d)). The
upregulation of p-ERK and VEGF prompted by LIPUS was
reversed after the administration of PD98059 (Figures 7(e)
and 7(f)). Moreover, PD98059 abolished the LIPUS-
induced enhancement of VEGF secretion from ADSCs
(Figure 7(g)). These results demonstrated that LIPUS acti-
vated the ERK pathway in ADSCs, which in turn provoked
VEGF expression and secretion.

3.8. Effects of Piezo Channels on LIPUS-Mediated ERK-VEGF
PathwayActivation.The role of the Piezo ion channel in cellular
mechanosensation has been reported in other studies [21, 22].
GsMTx4, a selective Piezo channel inhibitor, was used to test
whether the Piezo channel dominated the activation of the
ERK-VEGF pathway in ADSCs (Figure 8(a)). Following
GsMTx4 treatment, there was no significant difference in the
ratio of p-ERK to total ERK between the GsMTx4-treated group
and the LIPUS plus GsMTx4-treated group (Figure 8(b)). Fur-
thermore, the variation in VEGF protein levels was not
observed in the LIPUS-treated group in the presence of
GsMTx4 (Figure 8(c)). The ELISA results also confirmed that
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Figure 5: LIPUS promoted ADSCs to secrete cytokines. (-Fa–f) The CXCL12, FGF2, VEGF, NGF, HGF, and IGF1 mRNA expression levels
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GsMTx4 prohibited ADSCs from secreting VEGF
(Figure 8(d)). In contrast, after the application of Yoda1, an
agonist of the Piezo channel, the expression of p-ERK and
VEGF in ADSCs significantly increased (Figures 8(e)–8(g)).
The secretion of VEGF was also promoted by Yoda1
(Figure 8(h)). These results suggested that the Piezo channel
acts as an upstream activator of the ERK-VEGF pathway in
LIPUS-mediated ADSC activation.

4. Discussion

Diabetes mellitus represents a common risk factor for erectile
dysfunction, and the malfunction of the cavernous endothe-
lium is one of the determining pathogenic factors in diabetic
ED [2]. Due to the deteriorated function of the endothelium,
the in situ production of cGMP decreases and makes it diffi-
cult for PDE5i, whose main pharmacological action is to pre-
vent cGMP degradation, to exert therapeutic effects [23, 24].
ADSC engraftment has been reported by various studies to
improve erectile function and histopathological changes in

diabetic ED rat models [5, 6, 25–27]. However, the therapeutic
effect of ADSC injection therapy is far from satisfactory. The
high glucose and exaggerated oxidative stress microenviron-
ment within the cavernosum severely diminished the viability
of engrafted ADSCs, thus impairing their efficacy [28–30].

The results of our in vivo study showed that the ICP/MAP
ratio was higher in the ADSC+LIPUS group than in the DM,
ADSC, or LIPUS groups, indicating that the combination of
ADSC transplantation with LIPUS stimulation was more effi-
cient than monotherapy. Moreover, the concentrations of
eNOS, vWF, and cGMP increased significantly in the ADSC
+LIPUS group. This finding indicated that synergistic therapy
promoted the repair of the cavernous endothelium, thus
improving the erectile function of diabetic ED rats.

Similar to previous studies [31–34], we found that LIPUS
treatment could promote the proliferation of ADSCs. Fur-
ther cell cycle analysis demonstrated that the proportion of
cells in the G2/M phase increased significantly in the LIPUS
exposure group but decreased in the G0/G1 and S phases.
Therefore, the enhanced cell viability after LIPUS treatment
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Figure 7: LIPUS activated the ERK-VEGFA pathway in ADSCs. (a) Western blot analysis of ERK, p-ERK, VEGFA, and GAPDH expression
in ADSCs treated without or 0 minutes, 10 minutes, 30 minutes, 60 minutes, and 120 minutes after LIPUS stimulation. (b) The relative
density of p-ERK compared with that of ERK. (c) The relative density of VEGF compared with that of GAPDH. (d) Western blot
analysis of ERK, p-ERK, VEGFA, and GAPDH expression in ADSCs treated with LIPUS or PD98059, an ERK1/2 pathway inhibitor
(ADSCs were pretreated with 80μM PD98059 for 1 hour). (e) The relative density of p-ERK compared with that of ERK. (f) The relative
density of VEGF compared with that of GAPDH. (g) The concentration of VEGF in the supernatant of the cell culture medium. Data
are presented as the mean± standard deviation. ns p > 0:05 when comparing the PD98059 group. ∗p < 0:05 when comparing the NC group.
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Figure 8: LIPUS activated the downstream pathway through the Piezo channel in ADSCs. (a) Western blot analysis of ERK, p-ERK,
VEGFA, and GAPDH expression in ADSCs treated with LIPUS or GsMTX4, a selective Piezo channel inhibitor (ADSCs were pretreated
with 5μM GsMTX4 for 1 hour). (b) The relative density of p-ERK compared with that of ERK. (c) The relative density of VEGF
compared with that of GAPDH. (d) The concentration of VEGF in the supernatant of the cell culture medium. (e) Western blot analysis
of ERK, p-ERK, VEGFA, and GAPDH expression in ADSCs treated with LIPUS or Yoda1, an agonist of the Piezo channel (ADSCs were
pretreated with 30 μM Yoda1 for 1 hour). (f) The relative density of p-ERK compared with that of ERK. (g) The relative density of
VEGF compared with that of GAPDH. (h) The concentration of VEGF in the supernatant of the cell culture medium. Data are
presented as the mean± standard deviation. ns p > 0:05 when comparing the GsMTX4 group. ∗p < 0:05 when comparing the NC group.
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guaranteed that ADSCs exerted therapeutic effects, which
contributed to the improved erectile function in the ADSC
+LIPUS group.

Cytokines secreted by stem cells have been proven to play
an essential role in tissue repair and regeneration [35, 36].
However, the role of LIPUS in the secretome of ADSCs
remains unclear. We screened and identified the overexpres-
sion of CXCL12, FGF2, and VEGF in the LIPUS treatment
group. CXCL12 (also known as stromal cell-derived factor 1
(SDF-1)) is a kind of chemokine that is well known for the
recruitment of endogenous or transplanted stem cells [37,
38]. Recently, Yamaguchi et al. reported that local injection
of SDF-1 augments neovascularization by recruiting endothe-
lial progenitor cells [39]. Hardy et al. established a CXCL12-
mutated mouse model and found that CXCL12 is crucial for
angiogenesis and muscle regeneration [40]. In addition,
numerous studies have demonstrated that FGF2 (fibroblast
growth factor 2) and VEGF (vascular endothelial growth fac-
tor) are two predominant cytokines in angiogenesis [41–43].
Therefore, it is safe to speculate that LIPUS-mediated ADSC
proangiogenic factor secretion is another reason for the mod-
ified cavernous endothelial microenvironment and improved
erectile function.

Despite these encouraging results, the detailed mechanisms
by which LIPUS regulates ADSCs remain poorly understood.
With the help of bioinformatics analysis, we identified that
LIPUS-provoked angiogenesis mediated by ADSCs, which
was consistent with the results of in vivo and in vitro experi-
ments. Furthermore, the activation of the MAPK pathway was
predicted from the differentially expressed genes, which is
consistent with studies on other kinds of stem cells [21, 44].
Hence, we investigated whether LIPUS could promote ADSC-
induced angiogenesis by activating the MAPK pathway. ERK
phosphorylation was initiated immediately after LIPUS treat-
ment, peaked at 10minutes, and remained at a high level within
2 hours. Zhang et al. also demonstrated that LIPUS treatment
could trigger a transient intracellular influx of Ca2+ in dental
pulp stem cells, thus activating the ERK signaling pathway
and keeping it active for at least 30 minutes [21]. The increased
VEGF expression and its elevated concentration in the superna-
tant were abolished after pretreatment with PD90859, a specific
MEK inhibitor, further confirming the contribution of the ERK
pathway to VEGF secretion from ADSCs.

Since LIPUS is a noninvasive mechanical therapy, it is
intriguing how stem cells sense and transfer mechanical
stimuli to activate the ERK signaling pathway, a biological
process. Recently, researchers have discovered a family of
proteins called Piezo and have proven their nonnegligible
role in mechanobiological coupling [45–47]. Therefore, a
Piezo ion channel activator, Yoda1, and inhibitor, GsMTX4,
were implemented to survey the impacts of Piezo on the
ERK-VEGF axis in ADSCs. We found that GsMTX4 inhib-
ited LIPUS from phosphorylating ERK, which gave rise to
the decreased secretion of VEGF in ADSCs. In contrast,
Yoda1 exerted similar effects as LIPUS on ADSCs by pro-
moting ERK activation and VEGF secretion. These results
indicated that the LIPUS-dependent Piezo-ERK-VEGF axis
might be one of the mechanisms by which ADSCs were
activated.

However, some problems remain unsolved in this
research. The low retention rate of engrafted stem cells in
the cavernosum is another factor hindering their potency.
Although we observed an elevated level of CXCL12 after
LIPUS exposure, the role of LIPUS on the recruitment of
ADSCs was not investigated in this study but will be fully
addressed in future research, as will the survival of cells after
transplantation. Inspired by the success of LIPUS therapy on
ED patients [9, 10], Xia speculated that mechanobiological
transduction mediated tissue-specific endogenous stem cells
activation might play a pivotal role in the process [48, 49].
The presence and the activation of tissue-resident stem cells
were not validated in this study but will be further studied in
the future. Given that we utilized rat-derived stem cells to
conduct our experiments, our results should first be cross-
checked in cell lines derived from Homo sapiens before the
clinical application of LIPUS combined with ADSC engraft-
ment. However, the approach promises to achieve similar
results from assays based on humanized cell lines, since
Piezo, ERK, and VEGF are evolutionarily conserved proteins
[45, 50–52]. Last but not least, we would like to confirm our
findings in future population-based studies.

5. Conclusions

LIPUS enhanced the curative effects of ADSCs on diabetic
erectile dysfunction through the activation of the Piezo-
ERK-VEGF pathway. ADSC transplantation combined with
LIPUS could be applied as a synergistic treatment for dia-
betic ED.
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