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Abstract: Objective: The combination of intracoronary transplantation and ultrasound-mediated microbubble de-
struction may promote effective and accurate delivery of bone marrow stem cells (BMSCs) into the infarct zone. To
test this hypothesis in this study we examined the effectiveness of ultrasound-mediated microbubble destruction in
combination with intracoronary transplantation of BMSCs for the treatment of myocardial infarction in canine model
of acute myocardial infarction. Method: The dogs were randomly assigned to four groups: PBS, ultrasound-mediated
microbubble destruction, BMSCs, BMSCs together with ultrasound-mediated microbubble destruction. At 28 days
post-surgery, cardiac function and the percentage of perfusion defect area to total left ventricular perfusion area
(DA%) were determined by myocardial contrast echocardiography. Nitro blue tetrazolium staining was performed
to determine myocardial infarct size, hematoxylin and eosin staining for assessing microvascular injury, Masson’s
staining for analyzing myocardial tissue collagen, immunohistochemical analysis of a-actin to measure cardiac con-
tractile function and of BrdU-labeled myocardial cells to measure the number of the BMSCs homing to the infarcted
region. Results: The transplantation of BMSCs significantly improved heart function and DA% (P < 0.05). The group
that received ultrasound-mediated microbubble destruction with BMSCs transplantation showed the most improve-
ment in heart function and DA% (P < 0.05). This group also showed a denser deposition of BMSCs in the coronary
artery and more BrdU positive cells in the infarcted region, had the maximum number of a-actin positive cells,
showed the smallest myocardial infarct area compared to other groups (P < 0.05). Conclusion: Ultrasound-mediated
microbubble destruction increases the homing of BMSCs in the target area following intracoronary transplantation,
which allows more BMSCs to differentiate into functional cardiomyocytes, thereby reducing myocardial infarct size
and improving cardiac function.

Keywords: Myocardial infarction, diagnostic ultrasound-mediated microbubble destruction, bone marrow stem
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Introduction

About 1.1 million new cases of acute myocar-
dial infarction (AMI) occur yearly worldwide. AMI
results in substantial myocardial necrosis, ulti-
mately leading to ventricular remodeling and
the deterioration of cardiac function. In later
stages, approximately one-third of the patients
with AMI suffer from heart failure or cardiogen-
ic shock. The most commonly used treatments
for AMI include drug therapy and interventional
treatment, but none of these treatments inc-
rease the number of myocardial cells following
myocardial infarction [1].

Animal studies and clinical investigations have
suggested that bone marrow stem cells
(BMSCs) effectively improve systolic function
after myocardial infarction [2-4]. BMSCs also
improve left ventricular remodeling in patients
with acute or chronic ischemic cardiomyopathy
[5-10]. BMSCs differentiate into myocardial tis-
sue and blood vessels to reduce tissue fibrosis
and release paracrine factors, ultimately revers-
ing left ventricular remodeling [11-15]. In addi-
tion, BMSCs stimulate the proliferation of
endogenous myocardial stem cells [16]. The-
refore, transplantation of BMSCs offers a prom-
ising treatment for AMI. Furthermore, recent
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clinical trials have shown that transplantation
of allogenic BMSCs is as safe and effective as
autologous BMSCs for heart tissue reconstruc-
tion [17]. The concern of immune rejection is
minimal due to the lack of major histocompati-
bility complex class Il antigen [18] and type 2 T
helper cell cytokines in allogenic BMSCs [19].

The number of BMSCs homing to the infarcted
region is important for determining the efficacy
of stem cell transplantation. The key is to deliv-
er sufficient stem cells safely and specifically
into the infarct zone. The delivery of BMSCs can
be achieved by several methods, including
intracoronary transplantation, intravenous tr-
ansplantation, epicardial transplantation and
endomyocardial transplantation. Each method
has its own advantages and disadvantages.
Although epicardial and endomyocardial trans-
plantations can ensure sufficient delivery of
BMSCs into the infarcted area, it is difficult to
determine the depth of puncture and accurate-
ly locate the area of myocardial infarction.
These limitations can potentially lead to prob-
lems, such as cardiac rupture. Furthermore,
most of BMSCs delivered by intramyocardial
injection die after four days, severely limiting
the clinical application [21, 22]. In contrast,
BMSCs delivered by intracoronary transplanta-
tion through over-the-wire (OTW) catheter
migrate and adhere to the intimal surface of
the coronary arteries, and further home to the
infarcted area, where they differentiate and
regenerate. Therefore, accurate positioning is
achieved without thoracotomy or cardiac punc-
ture. Another major advantage of this proce-
dure is the low risk and the ease of performing.
These factors make intracoronary transplanta-
tion, in theory, the best way for transplantation
of BMSCs.

The BMSCs enter the infarcted area through
the gaps between the vascular endothelial
cells. The absence of large enough gaps hin-
ders complete homing of BMSCs. Ultrasound-
mediated microbubble destruction could
increase vascular permeability and facilitate
the homing of BMSCs into myocardial infarction
zone [23-25]. Ultrasound-mediated microbub-
ble destruction also promotes the production
of vascular endothelial growth factor (VEGF)
and other angiogenic growth factors, which pro-
mote angiogenesis [24]. The cavitation effect
also results in a local inflammatory response,
which leads to the accumulation of inflamma-
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tory cytokines and endothelial cell adhesion
molecules, and enhances the adhesion of
transplanted BMSCs to endothelial cells by
inducing changes in the myocardial microenvi-
ronment [26-28]. In addition, recent data have
shown that ultrasound-mediated microbubble
destruction combined with stem cell transplan-
tation can promote MSC homing to the infarct-
ed myocardium without producing adverse
effects on the proliferation and apoptosis of
the transplanted stem cells [29].

Based on the findings from previous studies,
we hypothesized that the combination of intra-
coronary transplantation and ultrasound-medi-
ated microbubble destruction could promote
effective and accurate delivery of BMSCs into
the infarct zone. To test our hypothesis, we
established an AMI model in dogs and exam-
ined the efficacy of ultrasound-mediated micro-
bubble destruction combined with intracoro-
nary transplantation of BMSCs for the treat-
ment of myocardial infarction.

Materials and methods
Animals

Twelve male and 12 female healthy beagle
dogs (weight 15.0-18.0 kg) were obtained from
the Experimental Animal Center of Jilin Pro-
vincial Academy of Traditional Chinese Me-
dicine. Prior to initiating the experiments, the
dogs were kept in cages for 2 to 3 days at 20°C
with free access to food and water. The dogs
were randomly divided into four groups: (i) PBS
group, (ii) ultrasound microbubble + PBS group,
(iii) BMSCs group, and (iv) ultrasound_microbub-
ble + BMSCs group. Six dogs were included in
each group. The operations were performed in
accordance with “Guidelines for Care and Use
of Experimental Animals” issued by the Ministry
of Science of China in 2006.

Dogs in the ultrasound + BMSCs group under-
went ultrasound-mediated microbubble des-
truction followed by BMSCs transplantation.
While the ultrasound was performed, a micro-
pump was used to infuse 2 mL of SonoVue at
the slow rate of 1.5 mL/min. A VIVID 7D 3S
ultrasound probe was used at a frequency of
1MHz and at strength of 1.0 W/cm?2. The time
trigger mode was used. The trigger pulse dura-
tion was 23 ms, frame rate (FPS) was 0.5 and
the trigger interval was 2 s. The mechanical
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Table 1. Cardiac functions and DA% of each group (n = 6, mean £ s)

5 EDV (ml) LVEF (%) FS (%) DA (%) D% WMSI
roup
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
A 2700+ 69.00+ 6700+ 7733+ 3150+ 3650+ 4800+ 1600+ 1850+ 000+ 1117+ 1119+ 3850+ 13.83+ 0.83+ 100+ 317+ 347+
4.47 4.65 4.38"" 5.16 5.16 5.05%" 4.73 4.73 4.81%* 0.00 1.48 1.43%* 5.46 8.28 5.08%" 0.00 1.17%" 1.47%*
B 2450+ 7017+ 7183+ 7850+ 3533+ 3717+ 46.83+ 1650+ 17.67 + 0.00+ 1116+ 1125+ 38.67 % 8.67 + 1217+ 1.00 317 + 3.17 +
423 454 449 513 515  5.04* 471 481  480* 000 142 188" 524 520  637% 000 098+ 0.98"
c 2550+ 6767+ 37.33+ 7550+ 3647+ 5317+ 4583+ 1867+ 2850+ 000+ 1132+ 71+ 3883+ 050+ 2167+ 100+ 20+ 20z
4.28 4.50 4.37% 5.09 5.15 5.04* 4.71 4.80 4.76% 0.00 1.59 1.63* 5.70 5.58 5.47*% 0.00 0.00* 0.00*
D 2350+ 66.00+ 3050+ 80.17+ 3483+ 6583+ 4833+ 1800+ 3747 £ 0.00+ 1144+ 456+ 39.83 + 8.17 + 30.50+ 1.00+ 1.50 + 1.50 +
4.32 4.73 4.23 5.15 5.16 5.19 4.71 4.73 4.71 0.00 1.33 1.13 5.78 5.49 6.19 0.00 0.55 0.55

Note: A-D are PBS, ultrasound + PBS, BMSCs, and Ultrasound + BMSCs groups, respectively. The numbers 1-3 are respectively before AMI modeling, 4 h after AMI modeling, and 28 d after AMI modeling.
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index was 1.3, total reaction time was 10 min
with a depth of 8-10 cm. The ultrasound probe
was fixed on the canine cardiac papillary mus-
cle short-axis. After ultrasound-mediated mic-
robubble destruction, 2 x 107 BrdU-labeled th-
ird generation BMSCs were delivered into the
coronary artery via OTW balloon catheter. Dogs
in the BMSCs group were injected with BMSCs
in the same manner. Dogs in the ultrasound +
PBS group received ultrasound-mediated mic-
robubble destruction prior to receiving 2 mL
intracoronary PBS injection. Dogs in the PBS
group received 2 mL intracoronary PBS inje-
ction.

Reagents

DAB chromogenic enzyme substrate kit was
purchased from Boster (Wuhan, China). Mouse
monoclonal anti-BrdU antibody was from SA-
NTA, USA. L-DMEM medium was from Invitrogen
(Carlsbad, CA, USA) and Percoll stock solution
from Sigma (St. Louis, MO, USA). CD34 and
CD44 rabbit monoclonal antibodies were from
Dingguo Biotechnology (Beijing, China). The 2.5
mm x 15 mm OTW balloons were from Med-
tronic (Minneapolis, MN, USA).

BMSCs preparation

The healthy dogs were anesthetized 3 h weeks
before transplantation by intraperitoneal injec-
tion of 5% pentobarbital (1 mL/kg). After iodine
disinfection, bone marrow aspirate (10 mL) was
drawn from canine humerus with a syringe nee-
dle and mixed with an equal volume of heparin.
BMSCs were purified by Percoll density gradi-
ent centrifugation and seeded in a 100 mm cul-
ture dish in LLDMEM medium supplemented
with fetal calf serum (FSC), 100 U/mL penicillin,
and 0.1 mg/mL streptomycin at 37°C with 5%
CO,. After 24 h the medium was changed to
remove non-adherent cells, such as red blood
cells and macrophages. BMSCs were passaged
at 70% confluency. The cells were passaged in
a 1:3 ratio, and medium was changed every
two days. All assays were performed with the
third generation of cells.

MTT colorimetric assay was performed to moni-
tor the survival and growth of BMSCs. Briefly,
20 pyL MTT (5 mg/mL) was added to the wells.
After 4 h incubation at 37°C, the supernatant
was aspirated and 150 pL dimethyl sulfoxide
(DMSO) was added. After gently agitating for 10
min, absorbance (A) was measured at 490 nm
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using a microplate reader (Shanghai Peiou
Analyticals). MTT values were measured for
nine consecutive days and growth curves were
plotted.

The purity of BMSCs in each generation was
determined by immunohistochemical staining
for CD34 and CD44 positive cells. 24 h prior to
transplantation, 10 yL BrdU labeling fluid (50
mg BrdU in 0.8 mL DMSO and 1.2 mL water)
was added to label BMSCs

Canine AMI modeling

The dogs were allowed to fast for 8 h, and then
injected with 0.05 mg/kg atropine 15 min prior
to surgery. Subsequently, the dogs were anes-
thetized by intraperitoneal injection of 3% sodi-
um pentobarbital (40 mg). The dogs maintained
normal temperature and spontaneous breath-
ing in the supine position. ECG was monitored
with body surface electrodes throughout the
surgery. After the application of lidocaine, a
local anesthesia, Seldinger right femoral artery
puncture was performed and a 6F sheath was
placed. 2,500 U of heparin was infused through
the femoral artery at the beginning, and an
additional 1,250 U heparin was infused every
hour. A 6F catheter was inserted from the right
femoral artery to the aortic root that was select-
ed for angiography. A small amount of contrast
agent (lopromide 370) was injected to confirm
the position of the catheter and the opening of
the left coronary artery. The catheter was
turned around for entry into the left main coro-
nary artery and to view the left anterior
descending artery (LAD) and the left circumflex
artery. At this point, the catheter tip was moved
forward slightly into LAD and further into the
distal anterior descending artery with BMW
guide wire. The 6F OTW balloon catheter was
pushed into the interval between the first and
second septal branch at a distance of 0.5-1.0
cm from the bifurcation between the LAD and
the left circumflex artery. The contrast agent
was infused, and the dogs received ischemic
preconditioning 3-5 times at an interval of 3-5
min, with each balloon inflation lasting 20 s.
The contrast agent was infused again and the
OTW balloon was filled to occlude the anterior
descending coronary artery. The surgery was
concluded by withdrawing the balloon from the
anterior descending artery after 4 h. The OTW
balloon catheters, guide wires, catheters, and
sheaths were removed sequentially, and the
site of surgery was covered with an elastic ban-

Int J Clin Exp Pathol 2015;8(2):2221-2234



Microbubble destruction enhances the effect of BMSCs in Ml

2225 Int J Clin Exp Pathol 2015;8(2):2221-2234



Microbubble destruction enhances the effect of BMSCs in Ml

Figure 1. A: DA% before AMI modeling; B: Cardiac functions before AMI modeling; C: DA% 4 h after AMI modeling; D:
Cardiac functions 4 h after AMI modeling; E: DA% of the PBS group; F: Cardiac functions of the PBS group; G: DA% of
the ultrasound + PBS group; H: Cardiac functions of the ultrasound + PBS group; I: DA% of the BMSC group; J: Car-
diac functions of the BMSC group; K: DA% of the ultrasound + BMSC group; L: Cardiac functions of the ultrasound

+ BMSC group.

Table 2. Myocardial infarct size for each
group after treatment (n = 6, mean £ s)

Group Myocardial infarct area
in the cross-sectional
area of left ventricle, %

PBS 11.18 + 1.43
Ultrasound + PBS 11.24 + 1.87
BMSCs 711 + 1.60

Ultrasound + BMSCs 4.56 + 1.09"

Note: “P < 0.05, Ultrasound + BMSCs group compared to
all other groups.

dage for 18 h. After the surgery, the dogs were
moved to clean cages with restricted activity.
Dogs were given intramuscular injection of 3.0
g sodium ampicillin. The dogs that exhibited
ventricular arrhythmias were intravenously
injected with lidocaine (5-10 mg/kg). The dogs
that experienced lowering of the heart rate
were given 1 mg of epinephrine. The coronary
artery stenosis or interruption of blood flow
detected by coronary angiography was likely to
be due to thrombosis, which was subsequently
cleared by catheters to mimic the clinical pro-
cess of ischemia- reperfusion.

Measurements

Coronary angiography was performed to exam-
ine whether blood flow was blocked after AMI
modeling. M-mode ultrasound was used to
measure cardiac function, including end-dia-
stolic volume (EDV) (mL), end-systolic volume
(ESV) (mL), left ventricular ejection fraction
(LVEF) (%), fractional shortening (FS) (%), wall
thickening (D%), and wall motion score index
(WMSI). Left ventricular wall thickening was
measured with the use of anatomical M-curve
and GE VIVID 7D ultrasonic diagnostic equip-
ment. D% = (systolic ventricular wall thickness
- end-diastolic wall thickness)/end-diastolic
wall thickness x 100%. LVEF was calculated by
measuring EDV and ESV. WMSI was measured
by visual, semi-quantitative method and two-
dimensional echocardiography analysis accord-
ing to the 16-segment model recommended by
the American Society of Echocardiography.
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DA% was measured by myocardial contrast
echocardiography (MCE) using VIVID 7D ultra-
sonic diagnostic equipment. The 3S probe was
placed on the 4""-6'" intercostal space. Sections
were referenced against left ventricular papil-
lary muscle short-axis. Contrast program was
used for intermittent harmonic imaging. 2 mL
SonoVue was slowly infused through the femo-
ral vein at 1.5 mL/min with a micropump, and
was followed by a 5 mLsaline flush. After desta-
bilization, scintigraphy was triggered to launch
several high-energy pulses, which could
instantly destroy the microbubble contrast
agent completely within the cardiac muscles.
3-5 cardiac cycles were recorded after the con-
trast agent in the left ventricular cavity was at
full imaging capacity. It was transitioned to low
mechanical index to facilitate observation of
the re-filling process. The Matlab program was
modified to calculate the percentage of perfu-
sion defect area (DA) to the total left ventricular
perfusion area (DA%). Two-dimensional echo-
cardiography was recorded each time before
the completion of real-time myocardial con-
trast.

For the assessment of cardiac function, DA%,
EDV, ESV, LVEF, FS%, D%, WMSI, simultaneous
ECG lead V1 were measured at 4 h following the
surgery, 7 days following the surgery, and 28
days after treatment.

Pathological and immunohistochemical analy-
sis

28 days following treatments, dogs were sacri-
ficed by intramyocardial injection of potassium
chloride. The hearts were removed to find the
blocking points in coronary LAD. Continuous
cardiac cross-sections were prepared below
the level of the blocking points for pathological
and immunohistochemical analysis.

For the pathological analysis, conventional HE
staining, Masson staining, and NBT staining
were performed. On the basis of NBT staining,
DA% was defined as myocardial infarct size/left
ventracular cross-sectional area x 100%. Imm-
unohistochemical analysis included «-actin
and BrdU staining.

Int J Clin Exp Pathol 2015;8(2):2221-2234
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Figure 2. Heart cross-sections of (A) PBS group; (B) Ultrasound + PBS group; (C) BMSC group; (D) Ultrasound+BMSC
group. Each panel shows 5 heart cross-sections of one dog in each group which correspond to the levels of the
papillary muscles taken by MCE. Infarct size was calculated as the percentage of area to the left ventricular cross-

section. Scale bars were shown on the left.

Statistical analysis

SPSS18.0 (PASW) and Microsoft Excel soft-
ware were used for data analysis. The parame-
ters in each experimental group at each time
point were expressed as mean + standard devi-
ation (x + s). The t test was used for compari-
son between two groups. Analysis of variance
was used for comparison among multiple
groups. P < 0.05 was considered significant.

Results
Evaluation of canine AMI

Smaller animals, such as the rabbit and rat, are
inappropriate for AMI modeling due to the small
size of their heart and coronary vessels.
Therefore, in this study, we used the dog as the
experimental model of AMI.

The measurements of cardiac ultrasound, MCE
functions and DA% 4 h, 7 days and 28 days fol-
lowing surgery were shown in Table 1 and
Figure 1A-D. The results showed that within
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each group, cardiac functions were significantly
decreased while DA% was significantly
increased (P < 0.05) at 4 h post-surgery. Cor-
onary angiography showed that the left anterior
descending artery was blocked. MCE-synchro-
nized ECG lead V1 showed characteristic AMI
changes including significantly elevated ST seg-
ment, upward arch, connecting with upright T
wave to form a single curve and the pathologi-
cal Q wave. These data indicate that the AMI
induction was successful in all groups.

Ultrasound-mediated microbubble destruction
combined with BMSCS intracoronary trans-
plantation significantly improved AMI

The cardiac functions and DA% were measured
by cardiac ultrasound and MCE 28 days after
BMSCs transplantation (Table 1; Figure 1E-L).
The results indicated that both ultrasound +
BMSCs group and BMSCs group had signifi-
cantly improved heart function and DA% (P <
0.05) following the delivery of BMSCs. In con-
trast, PBS and ultrasound + PBS groups sho-

Int J Clin Exp Pathol 2015;8(2):2221-2234
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Figure 3. HE staining of heart tissues in each group. A: PBS group; B: Ultrasound + PBS group; C: BMSC group; D:

Ultrasound + BMSC group.

wed no improvement in cardiac function and
DA% after PBS treatment (P > 0.05). Compared
to BMSCs, ultrasound + PBS and PBS groups,
DA% in ultrasound + BMSCs group was reduced
by 35.9%, 59.5%, and 59.2%, respectively, sug-
gesting that ultrasound + BMSCs group experi-
enced most significant improvement.

Pathological examination confirmed the results
of cardiac ultrasound and MCE. Compared to
BMSCs, ultrasound + PBS and PBS groups, the
infarct size of ultrasound + BMSCs group was
reduced by 35.9%, 59.5%, and 59.2%, respec-
tively (P < 0.05). Compared to ultrasound + PBS
and PBS groups, the infarct size of BMSCs
group was reduced by 36.7% and 36.4%,
respectively (P < 0.05). However, the difference
in infarct size between ultrasound + PBS and
PBS groups was not significant (P > 0.05) (Table
2; Figure 2).

According to the HE staining results, the PBS
group and ultrasound + PBS group had mas-
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sive fibrous scar formation in the myocardial
infarction. We observed the infiltration of a
small number of inflammatory cells and the for-
mation of a few capillaries in the infarct, but
found no capillaries in the fibrous scars. In con-
trast, in BMSCs and ultrasound + BMSCs
groups, dilated capillaries filled with red blood
cells formed in the fibrous scar. The myocardial
infarction area was reduced in BMSCs and
ultrasound + BMSCs groups compared to PBS
and ultrasound + PBS groups. The maximum
reduction in myocardial infarction area was
observed in ultrasound + BMSCs group (Figure
3). In addition, Masson’s staining revealed the
least amount of myocardial tissue collagen in
ultrasound + BMSCs group (Figure 4).

Ultrasound-mediated microbubble destruction
promotes homing of BMSCs to myocardial in-
farct zone

BrdU staining showed that on the 28th day fol-
lowing BMSCs transplantation, the number of
BrdU positive cells was significantly higher in

Int J Clin Exp Pathol 2015;8(2):2221-2234
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100pm

Figure 4. Masson’s staining of heart tissues in each group. A: PBS group; B: Ultrasound + PBS group; C: BMSC

group; D: Ultrasound + BMSC group.

the ultrasound + BMSCs group than in the
BMSCs group (P < 0.05; Figure 5).

Immunohistochemical staining showed that the
highest numbers of a-actin positive cells were
present in the ultrasound + BMSCs group fol-
lowed by the BMSCs group. In contrast, very
few a-actin positive cells were observed in the
myocardial infarction area of the ultrasound +
PBS and PBS groups (Figure 6). These results
suggest that ultrasound-mediated microbubble
destruction promotes homing of BMSCs to
myocardial infarct zone and cardiac recovery.

Discussion

In this study, we aimed to examine the efficacy
of ultrasound-mediated microbubble destruc-
tion combined with intracoronary transplanta-
tion of BMSCs for the treatment of myocardial
infarction in a canine model of acute myocardi-
al infarction. Coronary angiography, pathologi-
cal analysis of the infarct region and ultrasonic
detection were used to assess cardiac function
before and after modeling. The results suggest-
ed that transplantation of BMSCs reduced myo-
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cardial infarct size and perfusion defect area
and improved heart function. More importantly,
ultrasound-mediated microbubble de-struction
enhanced the therapeutic effect of BMSCs by
promoting the survival of cardiac muscles. This
study provides pre-clinical evidence for the use
of stem cells for the treatment of myocardial
infarction.

Following myocardial infarction, myocardial
inflammation and fibrosis occur, both of which
are known to affect the survival and differentia-
tion of transplanted BMSCs. Therefore, choos-
ing the right time for transplantation is critical.
Local lesion microenvironment is the most criti-
cal factor for the Cell survival, and it will affect
the adhesion, migration and colonization capa-
bilities and long-term survival of the transplant-
ed cells [30]. It has been shown that stem cells
die if transplanted immediately after acute
myocardial infarction, as a result of the strong
inflammatory response that is mounted by the
host following infarction [31]. During the acute
phase, which usually occurs within 48 h of myo-
cardial infarction, interleukin-8 (IL-8) attracts

Int J Clin Exp Pathol 2015:8(2):2221-2234
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Figure 5. BrdU staining after BMSC transplantation. A: BMSC group; B: Ultrasound + BMSC group (x 100); C: Statisti-

cal analysis of BrdU positive cells.

neutrophils to the myocardial infarct. The neu-
trophils release proteolytic enzymes that attack
transplanted BMSCs. The necrotic BMSCs are
eventually cleared by the macrophages.
Previous studies have recommended trans-
planting BMSCs 2-5 days after AMI to achieve
the best therapeutic effect [18]. The homing of
stem cells to the ischemic area in the heart
depends on the adhesion of homing factors to
endothelial cells [32]. The factors involved in
the homing process are either weakened or
completely disappear after a significant dura-
tion of time [33]. Therefore, it is critical to
choose an appropriate time for stem cell trans-
plantation. It has been reported that VEGF
secretion peaks at day 7 after myocardial
infarction [34]. In addition, from day 7 to day
15, inflammation decreases while the forma-
tion of fibrous tissue is not complete. This peri-
od of time is most conducive for BMSCs sur-
vival. Therefore, we chose to transplant BMSCs
7 days after AMI modeling. Our results con-
firmed that BMSCs survived and differentiated
following transplantation.

Previous studies have shown that in rabbits,
intravenous transplantation combined with
diagnostic ultrasound microbubble destruction
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enhanced the homing of BMSCs to the isch-
emic myocardium and improved cardiac func-
tion [36-38]. However, to our knowledge, this is
the first study to combine BMSCs intracoronary
transplantation with diagnostic ultrasound
microbubble destruction. We proposed several
mechanisms to account for the efficacy of ultra-
sound-mediated microbubble destruction com-
bined with BMSCs intracoronary transplanta-
tion. BMSCs differentiate into myocardial tis-
sue and blood vessels, reduce tissue fibrosis,
and release paracrine factors, ultimately
reversing left ventricular remodeling [11-15]. In
addition, BMSCs differentiate directly into myo-
cardial cells, and stimulate the proliferation of
endogenous myocardial stem cells [12].
Im-portantly, ultrasound-mediated microbub-
ble destruction improves the efficacy of BMSCs
treatment in several ways. It increases the per-
meability of neighboring endothelial cell mem-
branes to extracellular macromolecules, wid-
ens the gaps between vascular endothelial
cells and promotes the migration of transplant-
ed BMSCs to the ischemic region [35]. Mo-
reover, the cavitation effect generated by ultra-
sound-mediated microbubble destruction ind-
uces a local inflammatory response and enh-
ances the adhesion of transplanted BMSCs to

Int J Clin Exp Pathol 2015;8(2):2221-2234
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Figure 6. a-actin staining of heart tissues in each group. A: PBS group; B: Ultrasound + PBS group; C: BMSC group;

D: Ultrasound + BMSC group (x 100).

endothelial cells [26-28]. It also stimulates the
production of vascular endothelial growth fac-
tor (VEGF) and other angiogenic growth factors
to promote angiogenesis while improving the
efficacy of stem cell transplantation [24, 28]. In
this study we employed intracoronary trans-
plantation to ensure safe and accurate delivery
of BMSCs into the infarcted coronary artery,
thereby augmenting the benefits for BMSCs
survival and proliferation that are provided by
ultrasound-mediated microbubble destruction.

Positron emission tomography (PET) and path-
ological analysis are the gold standards for
determining cardiac muscle survival following
AMI. However, the high cost of PET constrains
its use in both animal experiments and clinical
trials. In contrast, the cost of pathological anal-
ysis is relatively low. In this study, we performed
pathological analysis of myocardial infarction
to confirm the success of AMI modeling and
evaluate the efficacy of the treatments. NBT
staining was used to evaluate myocardial inf-
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arct size, HE staining revealed the morphology
of the lesions, and Masson’s staining was used
to observe tissue collagen. The pathological
examination indicated that cardiac function
improved as a result of myocardium survival
and fibrosis reduction. The immunohistochemi-
cal analysis suggested that transplanted stem
cells differentiated into functional cardiomyo-
cytes. Significant improvement in cardiac func-
tion was achieved when a large number of
BMSCs reached the infarct region. We also
demonstrated that MCE may be used to assess
myocardial viability. These results are consis-
tent with previous findings that MCE and PET
analysis show good correlation [39]. Therefore,
MCE can be used as a simple and inexpensive
method to evaluate myocardial cell activity in
vivo.

In this study, we examined the efficacy of differ-
ent treatments for myocardial ischemia or
infarction via echocardiography, myocardial
contrast echocardiography, coronary angiogra-
phy and pathological analysis. The results obt-
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ained with the different analysis were consis-
tent. Notably, we still observed BrdU labeled
BMSCs on the 28th day following BMSCs trans-
plantation. In theory, BrdU could be stable and
passed on through the process of cell division.
Therefore, our finding of BrdU labeled BMSCs is
not entirely unexpected.

Conclusion

Our study provides experimental evidence that
ultrasound-mediated microbubble destruction
can increase the homing and accumulation of
BMSCs in the target area after intracoronary
transplantation. Therefore, more BMSCs can
differentiate into functional cardiomyocytes,
reduce myocardial infarct size, and improve
cardiac function. The combination of ultra-
sound-mediated microbubble destruction and
BMSCs intracoronary transplantation repre-
sents a promising treatment for myocardial
infarction.
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