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Abstract: This study aimed to investigate whether ultrasound-induced microbubble destruction was able to promote
targeted delivery of adipose-derived stem cells (ASCs) to improve hind-limb ischemia of diabetic mice. Ischemia
was induced in the lower limb of db/db mice which were then randomly divided into 5 groups: PBS group, Sham
group, ultrasound + microbubble group (US+MB), US+MB+ASCs group and ASCs group. Contrast-enhanced ultra-
sound perfusion imaging showed the ratio of blood flow in ischemic hind-limb to that in contralateral limb increased
over time in five groups. A significant enhancement in US+MB+ASCs group was observed compared with US+MB
group (P<0.01). Immunofluorescence microscopy of hind-limb muscle showed the microvessel density (microves-
sels/skeletal muscle fibers) and arteriolar density in US+MB+ASCs group were higher than in US+MB group, and
significantly higher than in other control groups (P<0.01). Masson staining indicated the degree of muscle fibrosis
in US+MB+ASCs group was lower than in US+MB. 3 and 7 days after therapy, ELISA and RT-PCR showed the expres-
sion of VEGF, P-selectin, ICAM-1 and SDF-1 in US+MB+ASCs group was higher than in US+MB group, and dramati-
cally increased as compared to other groups (P<0.01). 3 and 7 days after therapy, Western blot assay showed the
protein expression of P-P13K, P-AKT, VEGF, P-selectin, ICAM-1 and SDF-1 in US+MB+ASCs group was higher than
US+MB group (P<0.01). The bioeffects of ultrasound-induced microbubble cavitation is able to up-regulate the ex-
pression of pro-inflammatory cytokines, which may improve the targeted delivery, adhesion and paracrine of ASCs,
attenuating the hind-limb ischemia in diabetic mice.
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Introduction sity) [3]. However, in case of DM, the majority
of transplanted stem cells will become apop-
totic or necrotic due to some factors such as
hyperglycemia, hypoxia and nutrient deficiency,
and the residual stem cells are not enough to

secret sufficient pro-angiogenic factors for

Diabetic peripheral artery disease (PAD) is one
of severe chronic complications of diabetic mel-
litus (DM) and an important cause of disability
and mortality, which significantly affects the
quality of life of patients [1, 2]. Therapeutic

angiogenesis provides a new method for the
therapy of ischemic vascular diseases. In
recent years, the stem cells transplantation
becomes a promising strategy for the therapy
of DM and its complications. Adipose derived
stem cells (ASCs) have been regarded an ideal
source of stem cells in the regenerative medi-
cine and tissue engineering. There is evidence
showing that the lower limb ischemia is signifi-
cantly improved 3 weeks after local injection
of ASCs in the ischemic lower limb of mice
(increases in blood flow and microvessel den-

the improvement of diabetic PAD. Thus, to
improve the viability of transplanted stem cells
has been a challenge in the treatment of DM
and its complications by stem cell transplanta-
tion. Ultrasound-induced microbubble destruc-
tion as a new and promising therapeutic strat-
egy has been widely in some fields. It may trans-
port genes or drugs to a specific tissue and
promote the targeted delivery of stem cells
[4-8]. Some investigators attempted to treat
lower limb ischemia via targeted delivery of
bone marrow mononuclear cells by ultrasound
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destruction of microbubbles, and results sh-
owed ultrasound destruction of microbubbles
could increase the targeted adhesion of MSCs,
elevate targeted delivery of MSCs to the isch-
emic lower limb, exerting better therapeutic
effects on lower limb ischemia. However,
whether this technique is still effective in case
of DM is still unclear, and few studies have
been conducted to investigate this issue. This
study aimed to investigate the ASCs therapy of
lower limb ischemia in the presence of ultra-
sound-induced microbubble destruction and to
explore the potential mechanism.

Materials and methods
Materials

ASCs were purchased from Guangzhou Cyagen
Biosciences Inc. ASCs were thawed for further
use. ASCs at 1x10%/ml in 0.1 ml of PBS were
injected via the tail vein. SonoVue ultrasound
contrast agent (Bracco) was mixed with 5 ml of
normal saline before use. The mean diameter
of microbubbles was 2.5 ym and their mean
concentration was 5x108/ml. Therapeutic Por-
table Ultrasound Device (PHYSIOSON Expert;
PHYSIOMED, Germany) and MYTWICE instru-
ment (Esaote, Italy) were used in this study.

Preparation of animals

Male db/db mice aged 8-10 weeks were pur-
chased from Nanjing Model Experimental
Animal Center. This study was approved by the
Ethics Committee of Tongji Hospital, Tongji
University. Mice received food deprivation for
12 h before surgery, but were given ad libitum
access to water. The hair on the right lower limb
was removed, and mice were then anesthe-
tized with 1% sodium pentobarbital at 30 mg/
kg (i.p.). Mice were placed on a surgery table
and the surgical site was disinfected. An inci-
sion was made from the middle of the knee of
right low limb to the inguinal ligament. The fas-
cias and muscles were sequentially separated,
and hemostasis was done by pressurization.
The femoral vein and artery were separated
under a microscope, and both were ligated at
the distal end of the iliac artery bifurcation at
two sites and then cut between them. In sham
group, the artery and vein were separated, but
not ligated. The wound was closed, and bup-
renorphine hydrochloride was used after sur-
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gery for pain relief. 3 days after surgery, mice
were randomly assigned into 5 groups: (1) PBS
group: mice were injected with 0.1 ml of PBS
via the tail vein (n=24); (2) sham group (n=24);
(3) ultrasound + microbubble group (US+MB):
mice were injected with 0.1 ml of SonoVue,
ultrasound was used for 2 min (n=23); (4) US+
MB+ASCs group: mice were injected with 0.1
ml of SonoVue and then with 1x10%/ml ASCs in
0.1 ml of PBS within 2 min, ultrasound was
used for 2 min (n=24); (5) ASCs group: mice
were injected with 1x10%/ml ASCs in 0.1 ml of
PBS via the tail vein (n=23). The coupling agent
was smeared at the right ischemic muscle, the
frequency of probe was 1 MHz, the sound inten-
sity was 2 W/cm?, duty cycle was 20%, and
ultrasound was used for 2 min. The mean con-
centration of ultrasound contrast agent was
5x108/ml.

Ultrasound contrast perfusion imaging

Contrast-enhanced ultrasound (CEUS; MYT-
WICE instrument, Italy) was performed with
LA523 probe with the frequency of 7-13 MHz
and mechanical index of 0.05, DP 45 kPa. Mice
were intraperitoneally anethetized with 1%
sodium pentobarbital at 30 mg/kg and then
placed on a surgery table. The coupling agent
was smeared on the proximal adductor of right
lower limb and the optimal image was acquired
by moving the location of the probe. Then, the
limb and probe were maintained at a fixed posi-
tion. Microbubbles were injeccted via the tail
vein at 5x107/min. When the skeletal filling at
imaging reached a maximal intensity, FLASH
was administered to disrupt the microbubbles.
Then, images were captured. Ultrasound was
administered until maximal intesity was ob-
tained at the skeletal muscle. The video of the
whole imaging was stored in a disc for analysis
off-line. The region of interest was selected,
and the time-intensity curve was delineated
with QontraXt software. A was calculated as fol-
low: A = maximal intensity of perfusion signals,
B = reperfusion rate. The injection speed of
contrast agent was maintained constant, and
thus there was a close relationship between
image intensity and amount of local microbub-
bles which could be determined with a function
[9]: y=A*(1-e®). The triggering time interval -
intensity curve of the region of interest was
delineated and the values of A, B and A*[3 were
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calculated independently. The maximal amount
of accumulated microbubbles (A) reflects the
local microvessel density (MVD), but the local
filling rate (B) reflects the local blood flow rate of
the skeletal muscle. The product of A and [
(A*B) reflects the local blood flow. The ratio of
A*B at ischemic limb to that at contralateral
limb was calculated as the degree of lower limb
ischemia.

Masson staining

14 days after therapy, right lower limb gracilis
muscle, abductor pollicis longus and gastroc-
nemius was collected, embedded in paraffin
and then deparaffinized, followed by Masson
staining for the observation of muscle fibrosis.

Immunofluorescence staining and immunohis-
tochemistry

14 days after treatment, the right lower limb
gracilis muscle, abductor pollicis longus and
gastrocnemius was collected and embedded in
paraffin for immunofluorescence staining and
immunohistochemistry according to the manu-
facturer’s instructions. The primary antibodies
(rabbit anti-human smooth musele a-actin
[a-SMA] polyclonal antibody; Abeam, UK; Biotin
conjugated Bandeiraea Simplieifolia-1lectin;
Sigma, Germany), and secondary antibody
(DAKO) were used. Different fields were select-
ed from the section of animals sacrificed at dif-
ferent time points, and the amount of micrves-
sels and muscle fibers was determined to cal-
culate the MVD. At different time points, sec-
tions were prepared for the detection of arteri-
ole number at a high magnification as the arte-
riolar density.

Enzyme-linked immunosorbent assay: 3 and 7
days after treatment, blood was collected and
plasma was harvested after centrifugation.
Enzyme-linked immunosorbent assay was
performed to detect the contents of ICAM-1,
P-selectin, SDF-1 and VEGF accoring to the
manufacturer’s instructions.

Real time PCR

Total RNA was extracted with Trizol reagent and
reversely transcribed into cDNA with Revert
AIDTM First Strand cDNA Synthesis (TAKARA,
JAPAN). Real time fluorescence PCR was con-
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ducted with 7500 theramal cycler under follow-
ing conditions: 95°C for 30 s, 95°C for 5 s and
60°C for 34 s for a total of 45 cycles. Exper-
timent was performed three times. The mRNA
expression of ICAM-1, P-selectin, SDF-1 and
VEGF was detected by PCR with GAPDH as an
internal reference. Primers were synthesized in
BGI Biotech Co., Ltd.

Western blot assay

3 and 7 days after treatment, the right lower
limb gracilis muscle, abductor pollicis longus
and gastrocnemius was collected for the detec-
tion of P-Akt, T-Akt, PI3K, P-PI3K, ICAM-1,
P-selectin, VEGF and SDF-1. In brief, 200 mg of
skeletal muscle was lysed in 0.5 ml of RIPA
lysis buffer for 5 min at 4°C, followed by cen-
trifugation at 12000 g for 5 min. The superna-
tant was collected, and protein concentration
was determined with BCA protein concentra-
tion assay kit. The supernatant was stored at
-80°C. Proteins were subjected to SDS-PAGE in
5% stacking gel at 80 V for 30 min and then 8%
separating gel at 11 V for 100 min. Then, the
proteins were electrotransferred onto PVDF
membrane at 0.25 A for 3 h at 4°C, which was
blocked with 7% BSA-TBST (25 mM Tris, 137
mM NacCl, 2.7 mM KCI and 0.1% Tween 20) for
1 h at room temperature. After washing with
TBST thrice, the membrane was incubated with
primary antibody in 5% BSA-TBST at 4°C for 12
h. Following washing in TBST 4 times (15 min
for wach), the membrane was treated with HRP
conjugated secondary antibody in 5% BSA-
TBST for 1 h at room temperature. After wash-
ing in TBST 4 times (15 min for each), visualiza-
tion was performed thrice (5 min for each). The
optical density (OD) of protein bands was deter-
mined with Image J software as the protein
expression. The OD of target gene was normal-
ized to that of GAPDH as the relative protein
expression of target gene.

Statistical analysis

All data are expressed as mean + standard
deviation, and statistical analysis was perfor-
med with SPSS version 19.0. Qualitative data
were compared with chi square test, and quan-
titative data with one way analysis of variance,
followed by Bonferroni test. A value of two-
sided P<0.05 was considered statistically
significant.

Am J Transl Res 2016;8(6):2585-2596



Ultrasound-induced microbubble destruction promotes targeted delivery of ASCs

>
-
[¢,]
]

Limb perfusion
(ischemic / non-ischemic)

-
o

o
2

G 1 1 1 1
Before 0 7 14 21
surgery Time (days)
B Pl1s PI3s PI5s PI10s

SHAM

US+MB+ASCS

us+MB £

ASCs [

PBS

Figure 1. Proximal hindlimb contrast-enhanced ultrasound (CEU) perfusion
data in all groups. A. The ratio of blood flow in ischemic limb to that in con-
tralateral limb for the all groups; at baseline and immediately, 7, 14 and 21
days after treatment, the US+MB+ASCs groups induced a further increase
versus to other groups on Day 7, 4 and 21, (*P<0.01 compared with PBS,
and #P<0.01 compared with US+MB). B. Representative CEU-perfusion im-
ages of ischemic hindlimb muscle blood flow from all groups on day 21 af-
ter treatment. CEU signal from microbubbles was greatest for US+MB+ASCs

groups (other than SHAM groups).

Results

Effects of US+MB+ASCs-i.v. on blood flow re-
covery in ischemic hind-limb in db/db mice

Ultrasound contrast perfusion imaging was
performed before surgery and immediately, 7
days, 14 days and 21 days after treatment to
evaluate the blood perfusion in the ischemic
limb. Before surgery, the blood perfusion was
similar among groups. After ischemia, the blood
perfusion increased gradually over time (Figure
1A). Intravenous injection of ASCs (ASCs-i.v.)
did not cause a significant increase in the blood
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Pl15s PI20s

flow recover compared with

~¢-Sham the PBS group. Treatment
-=-PBS with US+MB without ASCs-i.v.
—+-ASCs showed a moderate increase
Bl (69+3% on day 21 versus
- US+MB+ASCs

PBS, P<0.01), whereas the
combination of US+MB and
ASCs-i.v. induced a further
increase (87+2% versus PBS
on day 21, P<0.01), which
was significantly higher than
that of ASCs-i.v. alone (P<
0.01), suggesting that the
US+MB+ASCs significantly im-
proves the blood flow recovery
after limb ischemia compared
with other groups, and that
the efficient cell delivery sys-
tem depends on US mediated
destruction of microbubbles.
The blood flow in ischemic
limb on day 21 is shown in
Figure 1B.

Effects of US+MB+ASCs-i.v.
on capillary density in isch-
emic hind-limbs in db/db
mice

In this study, we also mea-
sured the capillary density in
histological sections harvest-
ed from the ischemic tissues.
Immunofluorescence staining
was performed for BS-1 and
a-SMA to evaluate the angio-
genesis and arteriogenesis.
Representative  photomicro-
graphs are shown in Figure
2A and 2C. Quantitative analysis revealed that
the MVD (microvessels/fibers in skeletal mus-
cle) on day 14 at the ischemic skeletal muscles
was significantly greater in the US+MB+ASCs
group compared to the other 4 groups (P<0.01
versus PBS and US+MB; Figure 2B). Again MVD
in the US+MB group was higher as compared to
the PBS group (P<0.01, Figure 2B). 14 days
after therapy, the arteriole density (number of
arteriole per high field) in US+MB+ASCs group
increased significantly as compared to the
other 4 groups (P<0.01 versus PBS and US+MB;
Figure 2D), and the arteriole density in the
US+MB group was higher as compared to the
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Figure 2. Capillary and arteriolar density of ischemic hindlimb muscle on day 14 after treatment from all groups
by Immunofluorescence staining. Immunofluorescence staining was performed for BS-1 and a-SMA to evaluate
the angiogenesis and arteriogenesis. Representative color-coded images of capillary density (A) and arteriolar (C)
from hindlimb skeletal muscle in all groups on day 14. MVD (microvessels/fibers in skeletal muscle) on day 14 at
the ischemic skeletal muscles was significantly greater in the US+MB+ASCs group compared to the other 4 groups
(*P<0.01 compared with PBS, and #P<0.01 compared with US+MB) (B). The arteriole density (number of arteriole
per high field) in US+MB+ASCs group increased significantly as compared to the other 4 groups. *P<0.01 compared
with PBS, and #P<0.01 compared with US+MB (D).

PBS group (P<0.01, Figure 2D). These findings both angiogenesis as well as arteriogenesis
suggest that US+MB+ASCs group enhances response.
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Figure 3. 14 days after therapy, Masson staining showed the amount of muscle fibers in US+MB+ASCs group was
markedly lower than in other groups (other than SHAM groups).
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Figure 4. The contents of VEGF, P-selectin, ICAM-1 and SDF-1 by ELISA. A. 3 days after treatment, the contents of
VEGF, P-selectin, ICAM-1 and SDF-1 in US+MB+ASCs group was dramatically higher than in other group,*P<0.01
compared with PBS, and #P<0.01 compared with US+MB. B. The contents of VEGF, P-selectin, ICAM-1 and SDF-1
on day 7 was lower than on day 3, *P<0.01 compared with PBS, and #P<0.01 compared with US+MB.

Masson'’s staining imaging illustrates absence days after treatment, the contents of VEGF,
of significant fibrosis in US+MB+ASCs group P-selectin and ICAM-1 on day 7 was lower than

on day 3, the contents of VEGF, P-selectin and
14 days after therapy, Masson staining showed ICAM-1 in US+MB+ASCs group was significantly
the amount of muscle fibers in US+MB+ASCs greater than in other groups (P<0.01 versus
group was significantly lower than in other PBS and US+MB; Figure 4B), and that in US+MB
groups (Figure 3). group was higher than in PBS groups (P<0.01).

In addition, SDF-1 content on day 7 was lower
than on day 3, and significant difference was
observed between US+MB+ASCs group and
PBS group (P<0.01, Figure 4B). However the
contents of VEGF, P-selectin, ICAM-1 and SDF-1
in ASCs group was not significantly different
from that of PBS on day 3 and 7.

Effects of US+MB+ASCs-i.v. on contents of
VEGF, P-selectin, ICAM-1 and SDF-1 in db/db
Mice

We next examined the contents of VEGF,
P-selectin, ICAM-1 and SDF-1 by ELISA. 3 days
after treatment, the contents of VEGF, P-selectin

and ICAM-1 in US+MB+ASCs group was signifi- Effects of US+MB+ASCs-i.v. on mRNAS expres-

cantly higher than in the other 4 groups (P<0.01 sion of VEGF, P-selectin, ICAM-1 and SDF-1 in
versus PBS and US+MB; Figure 4A), and that in ischemic hind-limb in db/db mice

US+MB group was higher than PBS groups

(P<0.01). The SDF-1 content on day 3 was the We examined the expression of VEGF, P-sele-
highest in US+MB+ASCs group as compared to ctin, ICAM-1 and SDF-1 mRNAs by real-time
other groups (P<0.01 vs PBS) (Figure 4A). 7 RT-PCR. 3 days after treatment, the mRNA
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Figure 5. The expression of VEGF, P-selectin, ICAM-1 and SDF-1 mRNAs by real-time RT-PCR. A. 3 days after treat-
ment, the mRNA expression of VEGF, P-selectin , ICAM-1 and SDF-1 in US+MB+ASCs group was dramatically higher
than in other group, *P<0.01 compared with PBS, and #P<0.01 compared with US+MB. B. 7 days after treatment,
the expression of VEGF, P-selectin, ICAM-1 and SDF-1 mRNAs on day 7 was lower than on day 3, *P<0.01 compared

with PBS, and #P<0.01 compared with US+MB.

expression of VEGF, P-selectin and ICAM-1 in
US+MB+ASCs group was significantly higher
than in other group (P<0.01 versus PBS and
US+MB; Figure 5A), and that in US+MB group
was significantly higher than in PBS groups
(P<0.01). The SDF-1 mRNA expression on day 3
was the highest in US+MB+ASCs group (P<0.01
vs PBS, Figure 5A).

7 days after treatment, the mRNA expression
of VEGF, P-selectin and ICAM-1 in US+MB+ASCs
group increased as compared to other groups
(P<0.01 versus PBS and US+MB; Figure 5B),
and that in US+MB group was higher than in
PBS groups (P<0.01). The SDF-1 mRNA expres-
sion on day 7 reduced as compared to that on
day 3. The SDF-1 mRNA expression in
US+MB+ASCs group was significantly higher
than that in other groups (P<0.01, Figure 5B).
But the mRNA expression of VEGF, P-selectin,
ICAM-1 and SDF-1 in ASCs group was not sig-
nificantly different from that of PBS on day 3
and 7.

Effects of US+MB+ASCs-i.v. on protein expres-
sion of VEGF, P-selectin, ICAM-1, SDF-1, P-Akt
and P-PI3K in ischemic hind-limb in db/db
mice

3 days after therapy, the protein expression of
VEGF, P-selectin, ICAM-1, P-Akt and P-PI3K in
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US+MB+ASCs group was significantly different
from that in other groups, and that in US+MB
group was higher than in PBS groups; 7 days
after treatment, the protein expression of those
reduced in the ischemic muscle as compared
to that on day 3. The protein expression of
P-selectin, ICAM-1, P-Akt and P-PI3K in US+
MB+ASCs group was significantly higher than
that in other groups (P<0.01 versus PBS and
US+MB, Figure 6A, 6C). 3 days after therapy,
the protein expression of SDF-1 was the high-
est in US+MB+ASCs group, The SDF-1 mRNA
expression on day 7 reduced as compared to
that on day 3, and it in US+MB+ASCs group
was significantly higher than that in other
groups (P<0.01 versus PBS; Figure 6B).

Discussion

Our study found that ultrasound induced micro-
bubble destruction could increase the survival
rate of ASCs in the ischemic limb and effective-
ly promote the angiogenesis in the ischemic
limb of diabetic mice. This may be related to the
ultrasound induced mild injury to the endothe-
lial cells of capillaries and the subsequent tran-
sient inflammation of endothelial cells, leading
to the endothelial activation, elevated expres-
sion of P-selectin and ICAM-1 and the increased
targeted delivery and adhesion of ASCs. In
addition, the transplanted ASCs may secrete

Am J Transl Res 2016;8(6):2585-2596
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Figure 6. Western blot analysis and quantitative data. A. 3 days after therapy, the protein expression of VEGF, P-selectin and ICAM-1 in US+MB+ASCs group was sig-
nificantly different from that in other groups, and the protein expression of VEGF, P-selectin and ICAM-1 on day 7 was lower than on day 3, (*P<0.01 compared with
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PBS, and #P<0.01 compared with US+MB). B. 3 days after therapy, the protein expression of SDF-1 in US+MB+ASCs
group was significantly different from that in other groups, and the protein expression of SDF-1 on day 7 was lower
than on day 3 (*P<0.01 compared with PBS). C. 3 days after therapy, the protein expression of P-Akt and P-PI3K in
US+MB+ASCs group was significantly different from that in other groups, the protein expression of P-Akt and P-PI3K
on day 7 was lower than on day 3, (*P<0.01 compared with PBS, and #P<0.01 compared with US+MB).

VEGF and SDF-1, which increases the differen-
tiation of ASCs into vascular endothelial cells;
the ultrasound induced up-regulation of VEGF
expression also promotes the angiogenesis in
the ischemic limb; VEGF may activate PI3K/AKT
signaling pathway to further promote cell prolif-
eration and inhibit cell apoptosis.

Ultrasound contrast perfusion imaging has
been used to evaluate the microvascular perfu-
sion in animal models of ischemia related dis-
ease [10, 11]. In this study, results showed the
ratio of blood flow in ischemic limb to that
in contralateral limb [12] increased over time,
and this increase was the most evident in
US+MB+ASCs group. Immunohistochemistry
showed the MVD and amount of arterioles in
US+MB+ASCs group were significantly higher
than in other groups. This suggests that US+MB
may elevate angiogenesis and formation of
arterioles to promote the blood perfusion
recovery in US+MB+ASCs, which is consistent
with findings from the study of Imada et al [13].
In addition, Masson staining showed the fibro-
sis was the mildest in US+MB+ASCs group. This
confirms that angiogenesis and blood vessel
formation are able to significantly improve the
lower limb ischemia, reduce interstitial fibrosis,
facilitate tissue repair.

In the present study, results showed the expre-
ssion of P-selectin and ICAM-1 in US+MB+ASCs
group and US+MB group was significantly high-
er than in PBS group and ASCs group, which
was consistent with previosuly reported [13,
14]. Some investigators have proposed that the
ultrasound induced microbubble destruction is
ascribed to the cavitation. Microbubbels may
serve as effective cavitation nuclei [15] and the
ultrasound induced microbubble cavitation
may cause mechanical interference with adja-
cent cells and tissues, exerting bioeffects [16].
These effects may induce microvessel leakage,
capillary rupture, cell death and inflammation
[17]. In this study, the expression of P-selection
and ICAM-1 increased significantly at protein
and mRNA levels. Thus, we speculate that ultra-
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sound induced microbubble cavitation may
induce the transient inflammation of endotheli-
al cells, leading to their activation. This may
then up-regulate the expression of P-selectin
and ICAM-1, which changes the microenviron-
ment, promotes the targeted delivery and
adhesion of stem cells and improves the migra-
tion of stem cells to targeted tissues. Thus, the
number of transplanted ASCs crossing the cap-
illaries in the interstitium increases. These find-
ings were consistent with those reported by
Zhong et al [18] and Ryu et al [10].

Although a variety of studies have been con-
ducted to investigate the therapeutic effects of
stem cells on tissue injury, the specific mecha-
nism is still poorly understood [19-21]. Some
investigators propose that stem cells can
directly differentiate into target cells and then
proliferate in the injured site, leading to the
repair of injured tissues, angiogenesis and tis-
sue regeneration. In addition, some investiga-
tors speculate that the tissue repair and angio-
genesis following stem cells transplantation
are related to the paracrine of stem cells.
Studies have confirmed that ASCs can secret a
lot of cytokines by paracrine [22, 23], including
VEGF, basic fibroblast growth factor and SDF-1
[24], which is closely related to the vascular
reconstruction. VEGF has been regarded as a
cytokine closely associated with angiogenesis.
VEGF may stimulate the differentiation of stem
cells into endothelial cells and the proliferation
of endothelial cells, leading to the angiogenesis
[25-27]. Our results showed the mRNA and pro-
tein expressions of VEGF in US+MB+ASCs
group was significantly higher than in US+MB
group and other groups. Moreover, VEGF
expression in US+MB group was significantly
higher than in ASCs group and PBS group. Thus,
the ultrasound in the presence of microbubble
may cause damage to the microvessels due to
the mechanical and cavitation effects, leading
to the secretion of endogenous VEGF [28, 29]
besides the VEGF secreted by stem cells [4],
which may improve the angiogenesis and the
lower limb ischemia.
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ASCs may also secret another chemokine
SDF-1 [3], which may induce the target migra-
tion of stem cells. In addition, SDF-1 may also
promote the adhesion of stem cells [30]. Once
stem cells arrive in the target organ, they may
promote the angiogenesis and induce the for-
mation of microvessles in the ischemic tissues
[31]. In the present study, results showed SDF-1
expression in US+MB+ASCs group was signifi-
cantly higher than in ASCs group. Intravenous
injection of ASCs may distribute stem cells in
the whole body, suggesting a poor target deliv-
ery of stem cells. Under this condition, stem
cells may not effectively localize in the ischemic
skeletal muscle. Thus, few stem cells are
involved in the repair of injured tissues, leading
to a poor therapeutic efficacy in clinical prac-
tice [13]. The bioeffects of ultrasound may pro-
mote the targeted delivery of ASCs to the
injured site. Under this condition, more stem
cells migrate to the injured site where they
secret more SDF-1. In addition, SDF-1 expres-
sion in US+MB group was relatively lower, sug-
gesting that ultradound have no synergistic
effect on SDF-1.

It has been confirmed that PI3K/AKT signaling
pathway is one of important pathways involved
in the bioeffects of VEGF [32, 33] and crucial
for the angiogenesis. VEGF may activate PI3K/
AKT signaling pathway to block the apoptosis of
endothelial cells. In addition, the activation of
PI3K/AKT signaling pathway may also activate
endothelium nitric oxide synthase (eNOS), lead-
ing to the production of NO and angiogenesis
[34]. Thus, AKT is a key molecule in the angio-
genesis. Our results showed the expression of
P-AKT and P-PI3K in US+MB+ASCs group was
significantly higher than in other groups, and
the protein and mRNA expression of VEGF in
US+MB+ASCs groups was also significantly
higher than in other groups. Thus, we postulate
that the increase in VEGF activate PISK/AKT
signaling pathway and the phosphorylated AKT
may further activate or inhibit downstream pro-
teins, which is able to regulate the cell prolifera-
tion and migration as well as the cell apoptosis
[33, 35].

There were still limitations in this study. The
survived ASCs were not dynamically observed
in vivo; VEGF neutrolization was not employed
to further investigate the role of VEGF in the
improvement of lower limb ischemia following
ultrasound induced microbubble destruction.
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Taken together, ultrasound induced microbub-
ble destruction may increase the capillary per-
meability and up-regulate the expression of
P-selectin and ICAM-1, leading to the elevated
targeted delivery and adhesion of ASCs. In
addition, the transplanted ASCs may secret
VEGF and SDF-1 via paracrine, leading to their
differentiation into endothelial cells. Moreover,
ultrasound in the presence of microbubbles
may also up-regulate VEGF expression, leading
to the angiogenesis in ischemic limb. The VEGF
may activate PI3K/AKT signaling pathway,
which regulates the cell proliferation, migration
and apoptosis.
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