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Ultrasound‑targeted microbubble destruction‑mediated
Galectin‑7‑siRNA promotes the homing of bone
marrow mesenchymal stem cells to alleviate
acute myocardial infarction in rats
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Abstract. Bone marrow mesenchymal stem cells (BMSCs)
are accepted as a form of cellular therapy to improve
cardiac function following acute myocardial infarction
(AMI). The present study was performed to investigate
the synergistic effect of ultrasound‑targeted microbubble
destruction (UTMD)‑mediated Galectin‑7‑small interfering
(si)RNA with the homing of BMSCs for AMI. The rat
model of AMI was established, followed by identification
of BMSCs. Rats with AMI received BMSC transplantation,
BMSC transplantation + UTMD + siRNA negative control,
or BMSC transplantation + UTMD + Galectin‑7‑siRNA. The
cardiac function, hemodynamics indexes, degree of myocardial fiber injury and expression of apoptosis‑related proteins
in myocardial tissues of rats were detected. The homing
of BMSCs was observed, and the indexes of myocardial
microenvironment and the TGF‑ β/Smads pathway‑related
proteins in myocardial tissues were determined. AMI rats
treated with UTMD‑mediated Galectin‑7‑siRNA exhibited
improved cardiac function and hemodynamics‑related indices,
decreased myocardial fiber injury and apoptotic cells, as well
as enhanced homing ability of BMSCs, improved myocardial
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microenvironment, and suppressed TGF‑β1/Smads pathway
activation. In conclusion, the present study demonstrated that
UTMD‑mediated Galectin‑7‑siRNA treatment could enhance
the homing ability of BMSCs, thus alleviating AMI in rats.
Introduction
Myocardial infarction (MI) results from oxygen deprivation
after a block of one of the coronary artery branches together
with sudden halt of blood flow and myocardial anoxia (1). MI is
one of the primary causes of death worldwide and is characterized by vascular endothelial injury induced by inflammation,
apoptosis, cardiac fibrosis and pathological remodeling (2),
which contributes to high morbidity and mortality globally (3).
Acute MI (AMI) can contribute to the enhancement of reactive
oxygen along with activation of deleterious cellular signals,
thereby elevating inflammatory cytokine expression in endothelial cells and inducing the infiltration of inflammatory cells
to the infarct zone (4). Risk stratification and management of
patients with AMI remains challenging, although great efforts
have been made by numerous clinicians and researchers in the
last decades (5). Therefore, a novel specific and highly‑sensitive biomarker is urgently needed in order to provide early
diagnosis of AMI and to identify potential regulatory targets
of AMI.
Bone marrow mesenchymal stem cells (BMSCs) are a
widely studied cellular therapy that can improve cardiac function after MI (6). An increasing number of regimens have been
found for gene delivery to the heart, such as intrapericardial,
intracoronary and direct myocardial injection (7). Novel gene
therapies, especially non‑invasive methods that are able to
stimulate stem cell homing to the injured heart, can improve
function by inducing regional perfusion along with tissue
regeneration in the infarcted myocardium (8,9). Recently,
ultrasound‑targeted microbubble destruction (UTMD) has
been found to act as a novel approach of tissue‑specific gene
delivery that transfers nucleic acid drugs through the cavitation
effect in a range of the microvasculature of target tissues, which
is useful for local delivery and to evade biological barriers in
tissues (10). It has been revealed that UTMD‑mediated gene
therapy alleviates myocardial perfusion and cardiac function
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in mice with MI (11). Although the capability of UTMD to
induce histologically definable microlesions has been demonstrated in small animals, the effects of such microlesions on
the heart have not yet been fully examined (12).
Galectin is a novel target associated with unfavorable prognosis in patients with heart failure. Elevated galectin levels are
related to heart failure, and may be a primary regulator of
cardiac remodeling with myocardial fibrosis (13). Galectin‑7,
as a member of galectin family, plays a role in various events
related to the development of the pluristratified epithelium (14). It is also correlated with epithelial cell migration
and plays a part in the re‑epithelialization process of corneal
and epidermal wounds (15). A previous study discovered that
galectin‑7 knockdown contributed to declined differentiation
and elevated proliferation of keratinocytes (16). However, the
role of galectin‑7 in AMI remains unknown. Galectin‑1 and
galectin‑3 are proposed to be involved in MI (17,18). The role
of galectin‑7 has not been reported in MI, but galectin‑7 can
promote CD4+ T cell proliferation and T helper cell (Th) 1/2
polarization by inhibiting the TGFβ/Smad3 pathway (19), and
galectin‑7 plays a role in apoptosis by binding to Bcl‑2 (20).
Moreover, the TGF β /Smad3 pathway and apoptosis are
involved in the process of MI (21). Hence, it is speculated that
galectin‑7 may play a role in MI. Therefore, the present study
aimed to elucidate the synergistic effect of UTMD‑mediated
galectin‑7‑small interfering (si)RNA with the homing of
BMSCs for AMI, along with its underlying mechanism, which
could provide useful findings in the discovery of novel therapeutic targets of AMI.
Materials and methods
Ethics statement. Animal experiments were implemented
in accordance with the Guide to the Management and
Use of Laboratory Animals (22). The animal experiment
protocols were approved by the Institutional Animal Care
and Use Committee of People's Hospital of Deyang City
(approval no. 20190075; Deyang, China). The rats were housed
in a controlled environment, at a temperature of 22‑24˚C and
12/12 h light/dark cycles, with free access to standard rat food
and water.
Experimental animals. A total of 84 healthy male
Sprague‑Dawley (SD) rats (250±10 g, 6 weeks old) and four
SD rats (two male and two female, 100±5 g, 3 weeks old) were
acquired from The Sixth Affiliated Hospital of Sun Yat‑sen
University [license no. SYXK (Yue) 2018‑0190; Guangzhou,
China] and were fed under normal conditions.
Isolation, culture, identification and labeling of rat BMSCs.
A total of four 3‑week‑old rats were anesthetized (intraperitoneal injection of 100 mg/kg pentobarbital) and sacrificed
by cervical dislocation. The femur was separated under
aseptic conditions. After washing, the bone marrow cavity
was exposed after removal of both ends of the epiphysis. The
bone marrow cavity was rinsed repeatedly with DMEM/F12
medium solution (Sigma Aldrich; Merck KGaA) containing
10% fetal bovine serum (FBS; Beijing Solarbio Science &
Technology Co., Ltd.). Bone marrow cells were collected and
placed in Percoll separation solution (Beijing Solarbio Science

& Technology Co., Ltd.). BMSCs were separated and purified
by density gradient equilibrium centrifugation and adherent
screening method (23). BMSCs were observed using an IX‑70
inverted phase contrast microscope (Olympus Corporation).
BMSCs in the 3rd passage were detached with 0.25% trypsin
and fluorescein isothiocyanate (FITC)‑conjugated antibodies
against CD29 (cat. no. ab21845; 1:10), CD34 (cat. no. ab78165;
1:10), CD44 (cat. no. ab30405; 1:10) and CD45 (cat. no. ab27287;
1:10) (all purchased from Abcam) were added. The corresponding negative control (NC) was set for each tube and
incubated for 45 min in the dark at 4˚C. After washing with
phosphate buffered saline (PBS) three times, the BMSCs
were centrifuged at 400 x g for 5 min at 4˚C and suspended
with 50 µl PBS, following which they were analyzed with a
BD FACSCanto™ II Flow Cytometer (BD Biosciences) and
BD CellQuest™ Pro software (BD Biosciences).
An enhanced green fluorescence protein (EGFP) plasmid
(3.0 µg per 1x104 cells/well) (Sigma‑Aldrich; Merck KGaA)
was transfected into BMSCs using Lipofectamine ® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) 2 days before
cell transplantation. After transfection for 24 h, the liquid
was replaced and observed under a fluorescence microscope
(Olympus Corporation). After detaching the cells with
0.25% trypsin, DMEM‑F12 medium was added. A cell suspension of 5x106 cells/ml was prepared and transplanted for use.
Osteogenic and adipogenic induction and identification of
rat BMSCs. BMSCs were incubated at 37˚C with 5% CO2,
and 1 µmol/l dexamethasone, 10 µmol/l β‑glycerophosphate,
50 mg/l vitamin, and L‑DMEM (Beijing Solarbio Science &
Technology Co., Ltd.) containing 10% FBS were added 48 h
later to induce osteogenesis, and the medium was renewed
once every 2 to 3 days. The control group was cultured in
L‑DMEM without the aforementioned inducers. The method
of adipogenic induction was the same, but the culture was
supplemented with 1 µmol/l dexamethasone, 0.5 mmol/l
3‑isobutyl‑1 methylxanthine (IBMX), 10 mg/l insulin and
H‑DMEM (Beijing Solarbio Science & Technology Co., Ltd.)
with 10% FBS. The control group was cultured in H‑DMEM
without the aforementioned inducers.
The coverslips of the cells were immersed in PBS for
1 min three times, fixed with 4% formaldehyde for 15 min
at 37˚C, immersed in PBS for 3 min three times, stained with
0.2% Alizarin red (Beyotime Institute of Biotechnology) for
5‑30 min at 37˚C, followed by washing with PBS and microscopic examination under a light microscope (BX51; Olympus
Corporation).
The coverslips were fixed with formaldehyde‑calcium
for 10 min at 37˚C, washed with distilled water; rinsed with
60% isopropanol, stained with oil red O (Beyotime Institute
of Biotechnology) at 37˚C for 10 min, differentiated with
60% isopropanol, followed by washing with distilled water,
hematoxylin counterstaining at 37˚C for 10 min, rinsing with
water and microscopic examination under a light microscope.
Establishment of AMI rat models and identification. The
rats were anesthetized with an intraperitoneal injection
of 2% pentobarbital sodium (40 mg/kg; Sigma‑Aldrich;
Merck KGaA) and laid down on the operating table. The
AMI rat model was established by ligating the left anterior
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descending branch of the coronary artery (24). The electrocardiogram (Chengdu Medical Instrument Factory) was detected
before the coronary artery ligation and 7 days after the model
was established.
Animal grouping. On the 7th day after the establishment of the
AMI model, rats were transplanted with BMSCs and divided
into five groups (n=15/group) according to different treatments:
i) Sham group, rats with thoracotomy and without ligation of
the left anterior descending branch of the coronary artery;
ii) AMI group, AMI rats with no treatments; iii) BMSC group,
AMI rats injected with 5x106 labeled BMSCs via the caudal
vein; iv) BUTMD + siRNA NC group, BMSC transplantation,
UTMD and siRNA NC; v) BUTMD + Galectin‑7‑siRNA
group, BMSC transplantation, UTMD and Galectin‑7‑siRNA.
For the BUTMD + siRNA NC group, siRNA NC (100 µM;
Sigma‑Aldrich; Merck KGaA) was mixed with sulphur hexafluoride microbubbles (Bracco Suisse SA) and incubated for
30 min at 25˚C to construct siRNA NC encapsulated in sulphur
hexafluoride microbubbles; then the siRNA NC encapsulated
in SF6 microbubbles was added to EGFP‑labeled BMSCs and
the mixture was injected into rats via the tail vein. Ultrasound
(frequency 1 M Hz, power 2 W/cm2) was immediately irradiated to the anterior wall of the left ventricle of rats for 120 sec.
For the BUTMD + Galectin‑7‑siRNA group, after incubation
of Galectin‑7‑siRNA (100 µM; Sigma‑Aldrich; Merck KGaA)
with microvesicles at 25˚C for 30 min, the subsequent
steps were the same as the BUTMD + siRNA NC group.
Galectin‑7‑siRNA sequences were sense, 5'‑CAUCCGAGG
UUGUCUUCAACA‑3' and antisense, 5'‑UUGAAGACAACC
UCGGAUGUG‑3'.
Ech oca rdiographic evalu a t ion a n d hem odyn a mic
monitoring. Four weeks after transplantation of the BMSCs,
rats were anesthetized with 30 mg/kg pentobarbital sodium,
and the left ventricular end diastolic diameter (LVEDd)
and left ventricular end systolic diameter (LVESd) were
detected using a Vivid‑7 color Doppler ultrasound scanner
(GE Healthcare), and the left ventricular ejection fraction (EF) was calculated using the following formula:
EF = stroke volume/end‑diastolic volume x100%. After
the cardiac color Doppler ultrasound, a catheter filled with
heparin saline was placed in the right common carotid artery
to the left ventricle, and the left ventricular systolic pressure
(LVSP), left ventricular end‑diastolic pressure (LVEDP) and
left ventricular maximal rate of rise and fall (± dp/dtmax)
were recorded using a multi‑conductive physiological
recorder (Chengdu Medical Instrument Factory).
Tissue specimen collection. The heart of the rats was examined using ultrasound, and then the rats were euthanized
by an intraperitoneal injection of 800 mg/kg pentobarbital
sodium (25). The myocardial tissues around the infarct area
were collected. The myocardial tissues of six rats in each
group were fixed with 4% paraformaldehyde at 25˚C for 24 h,
and then the paraffin‑embedded tissues were sliced (5 µm) for
histological staining. The myocardial tissues of six rats in each
group were made into tissue homogenate. The myocardial
tissue sections (5 µm) of the remaining three rats in each group
were frozen at ‑20˚C.
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H&E staining. Paraffin‑embedded sections were routinely
dewaxed and dehydrated, stained for 3 min with hematoxylin
at 25˚C (Beijing Solarbio Science & Technology Co., Ltd.),
differentiated for 15 sec with 1% hydrochloric acid alcohol,
stained with eosin (Beijing Solarbio Science & Technology
Co., Ltd.) at 25˚C for 2 min and observed under an optical
microscope (Olympus Corporation).
Masson staining. Paraffin‑embedded sections were routinely
dewaxed, stained with the Masson's Trichrome Stain kit
(Beijing Solarbio Science & Technology Co., Ltd.), according
to the manufacturer's protocols, and finally, myocardial
infarct size was calculated using Image ProPlus 6.0 (Media
Cybernetics, Inc.).
Terminal deoxynucleotidyl transferase‑mediated dUTP nick
end‑labeling (TUNEL) staining. Paraffin‑embedded sections
were routinely dewaxed, and then stained with the TUNEL
Apoptosis Detection kit (Shanghai Yeasen Biotechnology Co.,
Ltd.), according to the instructions of the manufacturer. Finally,
a few drops of 100 ng/ml 4',6‑Diamidino‑2‑phenylindole (DAPI;
Beyotime Institute of Biotechnology) was added for nuclear
staining at room temperature for 10 min, and TUNEL‑positive
cells were captured under a fluorescence microscope (BX51;
Olympus Corporation). At least three sections were observed in
each tissue, and three visual fields were randomly selected for
statistical analysis.
Frozen sections to observe the homing of BMSCs. Frozen sections
were sealed in a sealing liquid containing DAPI (Beyotime
Institute of Biotechnology) and imaged under a laser confocal
fluorescence microscope (TCS SP5; Leica Microsystems GmbH).
Reverse transcription‑quantitative (RT‑q)PCR. Total RNA
was extracted from the tissue homogenate of each group using
a TRIzol® kit (Beijing Dingguo Changsheng Biotechnology
Co., Ltd.). RNA was reverse transcribed into cDNA at 42˚C
for 60 min using the ReverTra Ace™ qPCR RT Master
Mix kit (Toyobo Life Science). PCR was conducted using
SYBR® Premix Ex Taq™ Ⅱ (Takara Bio, Inc.). Thermocycling
conditions were as follows: 95˚C for 10 min; 35 cycles of
94˚C for 60 sec, Tm 56˚C, 72˚C for 60 sec; and then, 72˚C for
10 min. β‑actin was used as the loading control. The primer
sequences used are shown in Table I, and the mRNA expression was analyzed using the 2‑ΔΔCq method (26).
Western blot analysis. The protein was extracted using
RIPA buffer (Thermo Fisher Scientific, Inc.). Total protein
concentration of tissue homogenate was detected using a
bicinchoninic acid detection kit (Pierce; Thermo Fisher
Scientific, Inc.). The proteins (30 µg/well) were separated via
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(Beyotime Institute of Biotechnology) on a 10% gel, and
then transferred onto polyvinylidene difluoride membranes.
Next, the membranes were blocked for 1 h with 5% skimmed
milk at 37˚C, and then incubated at 4˚C overnight with
primary antibodies against: Galectin‑7 (cat. no. ab206435;
1:1, 0 0 0), Bcl‑2 (cat. no. ab182858; 1:2, 0 0 0), Ba x
(cat. no. ab32503; 1:1,000), stromal cell‑derived factor 1
(SDF‑1; cat. no. ab25117; 1:1,000), vascular endothelial
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Table I. Primer sequences.
Gene

Primer sequences (5'→3')

SDF‑1

F: TTGCCAGCACAAAGACACTCC
R: CTCCAAAGCAAACCGAATACAG
F: GTGAGCCTTGTTGTTCAGCG
R: GACGGTGACGATGGTGG
F: GTCGTGGTCAGCCCCTCCTC
R: CAGCCTGGTTAATCCCTTCACAC
F: CTTCGGGCTCTCCACCTCA
R: AATCGCTTTTCCATCTTCCTCTT
F: AGGGCTACCATGCCAACTTC
R: CCACGTAGTAGACGATGGGC
F: AGACACCAGTGATACCTCCA
R: CCAGCGGGGAAGTTAGTGTT
F: CAGGCTCCAGAAGAAGTTGG
R: AGTTCAACGGCACAGTCAAG
F: TGGCTGGCCGGGACCTGACTGA
R: CGCGCCGTGGCCATCTCCTG

VEGF
VCAM‑1
IL‑1β
TGF‑β1
Smad3
Smad7
β‑actin

F, forward; R, reverse; SDF‑1, stromal cell‑derived factor 1; VEGF,
vascular endothelial growth factor; VCAM‑1, vascular cell adhesion
molecule‑1; IL‑1β, interleukin‑1β; cTnI, cardiac troponin I; α‑MHC,
α‑myosin heavy chain; TGF‑β1, transforming growth factor‑β1.

growth factor (VEGF; cat. no. ab32152; 1:1,000), vascular
cell adhesion molecule‑1 (VCAM‑1; cat. no. ab134047;
1:2,000), interleukin (IL)‑1β (cat. no. ab2105; 1:1,000),
cardiac troponin I (cTnI; cat. no. ab47003; 1:1,000),
α‑myosin heavy chain (α‑MHC; cat. no. ab180779; 1:2,000),
collagen I (cat. no. ab6308; 1 µg/ml), transforming growth
factor‑ β1 (TGF‑ β1; cat. no. ab179695; 1:1,000), Smad3
(cat. no. ab40854; 1:1,000), Smad7 (cat. no. ab216428;
1:1,000) and glyceraldehyde phosphate dehydrogenase
(GAPDH; cat. no. ab8245; 1:1,000) (all purchased from
Abcam). Following which, membranes were incubated with
a horseradish peroxidase‑labeled anti‑rabbit IgG secondary
antibody (cat. no. ab205718; 1:2,000; Abcam) and incubated
for 1 h at 25˚C. Then, membranes were developed with a
chemiluminescence reagent (Thermo Fisher Scientific, Inc.).
GAPDH was used as the internal reference. Relative protein
expression was expressed as the ratio of the gray value of
the target protein band to that of the internal reference. The
gray value of the target band was analyzed using ImageJ
version 1.8.0 software (National Institutes of Health).
Enzyme‑linked immunosorbent assay (ELISA). Following
centrifugation of the tissue homogenate at 4˚C and 1,200 x g
for 5 min, the levels of TGF‑β1 (cat. no. ml002856) and cTnI
(cat. no. ml059111) in the supernatant were measured using
ELISA kits (Shanghai Enzyme‑linked Biotechnology Co.,
Ltd.), according to the manufacturer's instructions.
Statistical analysis. The independent experiments were
repeated three times. Data analyses were performed using

SPSS 21.0 software (IBM Corp.). The measurement data
conforming to the normal distribution after verification using
a Kolmogorov‑Smirnov test were depicted as mean ± standard
deviation. One‑way or two‑way analysis of variance (ANOVA)
was performed for comparisons among multiple groups, and
Tukey's multiple comparisons test was applied for pairwise
comparisons following ANOVA. P<0.05 was considered to
indicate a statistically significant difference.
Results
Rat AMI model and BMSC identification. Compared with
the sham‑operated rats, the electrocardiogram of the rats with
AMI showed an upward ST‑segment elevation and merged
with a T wave into a one‑way curve (Fig. 1A). H&E staining
showed that the myocardial fibrous tissue of the rats with AMI
was disordered and broken, and the nucleus was ruptured
compared with the sham‑operated rats (Fig. 1B). These
results indicated that the rat model of AMI was successfully
established.
The BMSCs cultured for 24 h were spherical under
a microscope, and BMSCs cultured for 7 days were long
fusiform (Fig. 1C). Flow cytometry results showed that
CD29 and CD44 were positively expressed on the surface of
BMSCs, whereas CD34 and CD45 showed negative expression (Fig. 1D). BMSCs transfected with EGFP showed green
fluorescence under a fluorescence microscope, confirming the
successful transfection of EGFP (Fig. 1E). Finally, the BMSCs
were cultured under osteogenic and adipogenic inductive
environments and the results revealed that BMSCs had multilineage differentiation ability (Fig. 1F and G). These results
indicated that BMSCs were successfully cultured.
BMSC transplantation improves AMI in rats. After BMSC
transplantation, the cardiac function and hemodynamics
of rats in the BMSC group were significantly improved
compared with that of the AMI group (P<0.01; Fig. 2A and B).
The results of pathological examination indicated that the
myocardial fiber injury of rats was reduced (P<0.01; Fig. 2C
and D) and cardiomyocyte apoptosis rate was decreased after
BMSC transplantation, but there was still a notable difference
between the BMSCs group and the sham‑operated group
(P<0.01; Fig. 2E and F). The green fluorescence in the myocardial tissues of rats in the BMSC group increased significantly
(P<0.01; Fig. 2G). These results indicated that BMSCs notably
improved AMI injury in rats.
UTMD‑mediated Galectin‑7‑siRNA promotes the homing
of BMSCs to alleviate AMI in rats. It has been reported that
Galectin‑7 promotes CD4+ T cell proliferation and Th1/2 cell
polarization by inhibiting the TGFβ/Smad3 pathway (19),
and Galectin‑7 can play a role in apoptosis via binding to
Bcl‑2 (20). The TGF β/Smad3 pathway and apoptosis are
involved in the process of MI (21). Myocardial cells were
transfected with Galectin‑7‑siRNA to decrease Galectin‑7
expression. To verify the specificity of Galectin‑7‑siRNA, the
mRNA levels of Galectin‑1, Galectin‑3 and Galectin‑7 were
detected using RT‑qPCR. The results showed that the expression levels of Galectin‑3 and Galectin‑1 were not affected by
Galectin‑7‑siRNA, and Galectin‑7 expression was significantly
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Figure 1. Rat AMI model and BMSC identification. (A) Electrocardiogram was used to detect changes in the heart's electrical activity before and after AMI in
rats (n=12/group). (B) Detection of myocardial tissue injury in rats (n=6/group) using H&E staining (magnification, x200; scale bar, 50 µm). (C) Observation
of BMSC morphology using an inverted phase contrast microscope (magnification, x100; scale bar, 100 µm). (D) Flow cytometry analysis of BMSC surface
markers. The black line in the figure represents the control IgG, and red line represents the surface markers. (E) Observation of EGFP‑labeled BMSCs under
a fluorescence microscope (magnification, x100; scale bar, 100 µm). (F) Alizarin red staining of BMSCs (magnification, x200; scale bar, 50 µm). (G) ORO
staining of BMSCs (magnification, x200; scale bar, 50 µm). AMI, acute myocardial infarction; BMSC, bone marrow mesenchymal stem cell; H&E, hematoxylin and eosin; EGFP, enhanced green fluorescence protein; ORO, oil red O.

reduced (P<0.01; Fig. 3A). Galectin‑7 expression of rats in the
BUTMD+Galectin‑7‑siRNA group was significantly decreased
compared with that of the BMSC group (P<0.01; Fig. 3B).
Subsequently, it was found that UTMD could promote the
promoting effect of BMSCs on MI (BUTMD + siRNA NC), and
UTMD + Galectin‑7‑siRNA group showed the most obvious
effect (P<0.01; Fig. 3C and D). Compared with the BMSCs
group, rats in the BUTMD+Galectin‑7‑siRNA group alleviated the degree of myocardial injury (P<0.01; Fig. 3E and F),
decreased the number of myocardial apoptotic cells (P<0.01;
Fig. 3G), enhanced Bcl‑2 and reduced Bax expression (P<0.01;
Fig. 3H), and increased the number of homing BMSCs in the
myocardial tissues (P<0.01; Fig. 3I). These results suggested
that UTMD‑mediated Galectin‑7‑siRNA had improved efficacy compared with BMSCs or UTMD treatment.
UTMD‑mediated Galectin‑7‑siRNA improves the myocardial
microenvironment. The related indexes of myocardial microenvironment in rats were detected. Relative to the sham‑operated
rats, the AMI rats presented elevated expression levels of
SDF‑1, VEGF, VCAM‑1 and IL‑1β, increased cTnI and collagen
I protein, and decreased α‑MHC protein. Compared with the
AMI group, UTMD‑mediated Galectin‑7‑siRNA notably
promoted the expression levels of SDF‑1, VEGF, VCAM‑1,
IL‑1β and α‑MHC, and decreased levels of cTnI and collagen I
in rat myocardial tissues (all P<0.05; Fig. 4A‑D). These results
suggested that the combined treatment with UTMD‑mediated

Galectin‑7‑siRNA can improve the myocardial microenvironment of rats.
UTM D ‑mediated Galectin‑7‑siR NA suppresses the
TGF‑ β /Smad signaling pathway. To further explore the
downstream mechanism of the combined treatment group in
MI, the expression levels of TGF‑β/Smads pathway‑related
proteins were detected in the rat myocardium. The mRNA
and protein levels of TGF‑β1 and Smad3 in rats with AMI
significantly increased, whereas the mRNA and protein levels
of Smad7 decreased compared with the sham‑operated rats.
In rats treated with UTMD‑mediated Galectin‑7‑siRNA, the
levels of TGF‑β1 and Smad3 in myocardial tissue homogenate
were significantly reduced, and the mRNA and protein levels
of Smad7 significantly increased, compared with AMI rats
(all P<0.05; Fig. 5A‑C). Overall, these results suggested that
the combined treatment group relieved AMI via inhibiting the
TGF‑β/Smads pathway.
Discussion
Stem cell transplantation is an effective method of treating
MI (27). However, several limitations have been found in
previous methods of in vitro transplantation of stem cells (28).
Besides, the homing of exogenous BMSCs does not reach
the infarcted areas efficiently, which limits their ability
to improve cardiac function (29). Therefore, the present
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Figure 2. BMSC transplantation improves AMI in rats. (A) Detection of cardiac function indices in rats (n=15/group). (B) Hemodynamic determination in rats
(n=15/group). (C) The morphology of myocardial tissue in each group (n=6/group) was observed with H&E staining (magnification, x200; scale bar, 50 µm).
(D) Observation of myocardial fibers in each group (n=6/group) via Masson staining (magnification, x400; scale bar, 100 µm). (E) Detection of apoptosis in
rats in each group (n=6/group) via TUNEL staining (magnification, x400; scale bar, 50 µm). (F) Detection of Bcl‑2 and Bax protein expression by western
blot analysis (n=6/group). (G) Observation of BMSC homing ability in rats (n=3/group) using fluorescence microscopy (magnification, x400; scale bar, 50 µm).
Data in panels A (right), B (right/left), D, E and G were analyzed using one‑way ANOVA, and data in panels A (left), B (middle) and F were analyzed using
two‑way ANOVA, followed by Tukey's multiple comparisons test. **P<0.01 and ***P<0.001 vs. Sham group; #P<0.05, ##P<0.01 and ###P<0.001 vs. AMI group.
AMI, acute myocardial infarction; BMSC, bone marrow mesenchymal stem cell; H&E, hematoxylin and eosin; TUNEL, transferase‑mediated deoxyuridine
triphosphate‑biotin nick end labeling; LVEDd, left ventricular end diastolic diameter; LVESd, left ventricular end systolic diameter; EF, ejection fraction;
LVSP, left ventricular systolic pressure; LVEDP, left ventricular end‑diastolic pressure; ± dp/dtmax, left ventricular maximal rate of rise and fall; LV, left
ventricle; EGFP, enhanced green fluorescence protein.

study was conducted to elucidate the synergistic effect of
UTMD‑mediated Galectin‑7‑siRNA with the homing of
BMSCs for AMI.
One of the most significant findings of the present
study was that following BMSC transplantation, AMI rats
exhibited improved cardiac function and left ventricular
hemodynamics‑related indices, and reduced myocardial fiber
damage, myocardial infarct size and apoptotic cells. BMSCs
are useful in the treatment of various diseases and injuries,
including intervertebral disc degeneration and diabetic
nephropathy, due to their multipotent differentiation and
immunomodulatory functions (30,31). SDF‑1 and its specific
receptor C‑X‑C chemokine receptor type 4 (CXCR‑4) have
been reported to play significant roles in adhesion, migration

and survival of BMSCs to targeted tissues (32,33). Strategies to
increase the homing of infused stem cells consist of modifying
SDF‑1 levels and CXCR‑4 receptor levels in host tissues (34).
The homing process of BMSCs involves attachment to
vascular endothelial cells, chemotactic response by interactions between the chemokine‑chemokine receptor, as well
as transendothelial migration into the parenchyma (35,36).
Meanwhile, it has been revealed that inflammatory cytokines
and certain adhesion molecules, including P‑selecin and
VCAM‑1, are also essential components implicated in the
migration of stem cells to the inflamed sites (37‑39).
To the best of our knowledge, relatively little is known
concerning the role of Galectin‑7 in AMI at present, and
the present study was the first to show that AMI rats treated
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Figure 3. UTMD‑mediated Galectin‑7‑siRNA promotes the homing of BMSCs to alleviate AMI in rats. (A) siRNA transfection efficiency was verified by
reverse transcription‑quantitative PCR (n=6/group). (B) Galectin‑7 protein expression was detected by western blotting (n=6/group). (C) Detection of EF
(n=15/group). (D) Hemodynamic examination (n=15/group). (E) Observation of myocardium histomorphology using H&E staining (n=6/group; magnification,
x200; scale bar, 50 µm). (F) Observation of myocardial fibers via Masson staining (n=6/group; magnification, x400; scale bar, 100 µm). (G) Detection of
apoptosis in rats of each group (n=6/group) via TUNEL staining (magnification, x400; scale bar, 50 µm). (H) Detection of Bcl‑2 and Bax protein expression
via western blotting, (n=6/group). (I) Observation of BMSC homing in rats (n=3/group) using fluorescence microscopy (magnification, x400; scale bar, 50 µm).
Data in panels B, C, D (left/middle), F, G and I were analyzed using one‑way ANOVA, and data in panels A, D (right) and H were analyzed using two‑way
ANOVA, followed by Tukey's multiple comparisons test. **P<0.01 and ***P<0.001 vs. AMI group; #P<0.05, ##P<0.01 and ###P<0.001 vs. indicated groups.
UTMD, ultrasound‑targeted microbubble destruction; siRNA, small interfering RNA; AMI, acute myocardial infarction; BMSC, bone marrow mesenchymal
stem cell; H&E, hematoxylin and eosin; TUNEL, transferase‑mediated deoxyuridine triphosphate‑biotin nick end labeling; EF, ejection fraction; LVSP, left
ventricular systolic pressure; LVEDP, left ventricular end‑diastolic pressure; ± dp/dtmax, left ventricular maximal rate of rise and fall; NC, negative control;
BUTMD, BMSCs + UTMD; LV, left ventricle; EGFP, enhanced green fluorescence protein.
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Figure 4. UTMD‑mediated Galectin‑7‑siRNA improves the myocardial microenvironment. (A) Detection of mRNA expression levels of SDF‑1, VEGF,
VCAM‑1 and IL‑1β via reverse transcription‑quantitative PCR. (B) Detection of protein expression levels of SDF‑1, VEGF, VCAM‑1 and IL‑1β by western
blot analysis. (C) cTnI protein expression was measured using ELISA. (D) cTnI, α‑MHC and collagen I protein expression levels were detected using western
blotting (n=6/group). Data in panels A, C and D (right) were analyzed using one‑way ANOVA, and data in panels B and D (left) were analyzed using two‑way
ANOVA, followed by Tukey's multiple comparisons test. *P<0.05 and **P<0.01; #P<0.05 and ##P<0.01; &P<0.05 and &&P<0.01. UTMD, ultrasound‑targeted
microbubble destruction; siRNA, small interfering RNA; SDF‑1, stromal cell‑derived factor 1; VEGF, vascular endothelial growth factor; VCAM‑1, vascular
cell adhesion molecule‑1; IL‑1β, interleukin‑1β; cTnI, cardiac troponin I; α‑MHC, α‑myosin heavy chain; ELISA, enzyme‑linked immunosorbent assay; AMI,
acute myocardial infarction; BMSC, bone marrow mesenchymal stem cell; NC, negative control; BUTMD, BMSCs + UTMD.

with UTMD‑mediated Galectin‑7‑siRNA exhibited improved
cardiac function and left ventricular hemodynamics‑related
indices, as well as decreased myocardial fiber damage,
myocardial infarct size and apoptotic cells. UTMD could be a
potential tailored therapy used to induce cardiac regeneration
following an extensive infarct, which is able to deliver repeated
regimens until ventricular function and myocardial perfusion
have been restored (40). A previous study demonstrated that
systemic administration of UTMD can improve the targeted
gene transfer to the heart (41). Furthermore, increasing evidence
has indicated that UTMD increases the migration of BMSCs
to the injured kidney and infarcted myocardium (42,43). In
addition, UTMD has also been found to result in microvascular rupture in target organs, leading to the enhancement of

certain cytokines, and elevated BMSC migration into the heart
and kidney (44‑46). It has been reported that overexpression of
CXCR‑4 combined with UTMD could significantly augment
the homing ability of BMSCs (43). Another study revealed that
UTMD combined with other non‑viral vectors could improve
gene transfection efficiency and protect the multi‑directional
differentiation and reproductive ability of the transfected
BMSCs (47). Some articles have elucidated that SDF‑1 and
VCAM‑1 expression is implicated in the liver homing of
BMSCs (48‑50). Recently, it has been revealed that increased
VCAM‑1 expression indicates that UTMD may induce BMSC
migration by enhancing interstitial and intercellular capillary
permeability (51). Furthermore, when the UTMD procedure
is performed following a pre‑injection of BMSCs, or when
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Figure 5. UTMD‑mediated Galectin‑7‑siRNA suppresses the TGF‑β/Smads signaling pathway. (A) Detection of TGF‑β1 in myocardial tissue homogenate
using ELISA. (B) Reverse transcription‑quantitative PCR was performed to detect mRNA expression levels of TGF‑β1, Smad3 and Smad7. (C) Western blotting was conducted to detect the protein expression levels of TGF‑β1, Smad3 and Smad7 (n=6/group). Data in panels A, B (left) and C (right) were analyzed
using one‑way ANOVA, and data in panels B (right) and C (left) were analyzed using two‑way ANOVA, followed by Tukey's multiple comparisons test.
**
P<0.01; #P<0.05 and ##P<0.01; &P<0.05 and &&P<0.01. UTMD, ultrasound‑targeted microbubble destruction; TGF‑β1, transforming growth factor‑β1; siRNA,
small interfering RNA; ELISA, enzyme‑linked immunosorbent assay; AMI, acute myocardial infarction; BMSC, bone marrow mesenchymal stem cell; NC,
negative control; BUTMD, BMSCs + UTMD.

UTMD is combined with BMSC transplantation, there is a
beneficial effect on the engraftment of cells (52,53). Ultrasound
microbubbles can enhance the therapeutic effect of BMSCs in
diseases and promote BMSC homing (51,54,55). In the present
study, the BUTMD + siRNA NC group had an intermediate
therapeutic effect. The present study contributes towards our
knowledge of the ability of Galectin‑7 in AMI or the combination of Galectin‑7 with UTMD in MI, however this topic
deserves further in‑depth exploration in order to be applied
to the clinic. Galectin‑3, another member of Galectin family,
is mainly secreted by activated macrophages, which has been
established as a prognostic target in various heart failure
cohorts (56). Galectin‑3 has been found to be implicated in
heart failure and predicts enhanced mortality and morbidity
in heart failure. Heart failure often develops after MI, and
contributes to worse outcomes (56). TGF‑β/Smad is a critical
pathway that modulates damage‑induced and programmed
senescence (57). The TGF‑β/Smads pathway may be implicated in the reconstruction of MI scars through continuous
stimulation of matrix deposition (58). Xinfuli Granule has
been demonstrated to ameliorate ventricular remodeling
and myocardial fibrosis after MI in rats via modulation of

the TGF‑β/Smad pathway (59). Moreover, a previous study
revealed that Galectin‑7 can inhibit the TGF‑β/Smad3 pathway
to promote the proliferation of activated CD4+ T cells (19).
BMSCs can improve spinal cord function in rats with spinal
cord injury via the TGF‑β/Smads pathway (60). The present
study showed that the levels of TGF‑ β1 and Smad3 in
myocardial tissue homogenate were reduced in rats treated
with UTMD‑mediated Galectin‑7‑siRNA. Thus, these results
suggested that UTMD‑mediated Galectin‑7‑siRNA treatment
could improve AMI in rat via inhibiting the TGF‑β/Smads
pathway.
In sum ma r y, the present study suggested that
UTMD‑mediated Galectin‑7‑siRNA treatment enhanced the
homing ability of BMSCs, improved myocardial microenvironment, and inhibited the TGF‑β/Smads signaling pathway
to alleviate AMI in rats. The advancement of BMSC homing
ability is vital for effective clinical application, however
further studies are needed to evaluate its safety and efficacy. It
is often difficult to achieve the desired therapeutic effect with
siRNA treatment alone as siRNA is prone to degrade in vivo,
so microbubbles are used to protect the structure of siRNA.
UTMD can promote siRNA targeting into pathological tissues
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and thus play a role in gene intervention. Therefore, there was
not an siRNA group used in this study. In the future, relevant
research will be performed to verify the effect of UTMD
Galectin‑7 siRNA treatment alone in order to improve the reliability of these conclusions.
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