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Effects of Cavitation from Extracorporeal
Shock Wave Combined with Sulfur Hexafluoride
Microbubble on Myocardial Ultrastructure in Rats

ABSTRACT

Background: In the present study, the effects of extracorporeal cardiac shock waves
combined with different concentrations of sulfur hexafluoride ultrasound microbubbles
on myocardial ultrastructure in rats were observed.

Methods: Thirty-six rats were randomly divided into 6 groups: control group (N), extra-
corporeal cardiac shock wave group, and combined group, i.e., extracorporeal cardiac
shock wave combined with different concentrations of sulfur hexafluoride microbubble
(0.225 mL/kg/min, 0.45 mL/kg/min, 0.9 mL/kg/min, 1.8 mL/kg/min). The combination of
extracorporeal cardiac shock wave combined with sulfur hexafluoride microbubbles of
different concentrations had no significant effect on hemodynamicindexes and left ven-
tricular functionin rats.

Results: There were significant differences in cardiac troponin | (cTnl) and nitric oxide
amongdifferentgroups. Histopathology showed thatinflammatory cellsinfiltratedin the
shock wave + microbubble 0.9 and shock wave + microbubble 1.8 groups. The myocardial
ultrastructuralinjury score of shock wave + microbubblel.8 group was significantly higher
than that of the N group, shock wave group, shock wave + microbubble 0.225 group, and
shock wave + microbubble 0.45 group. The score of shock wave + microbubble 0.9 group
was higher than that of the control group (P=.009). Western blot results showed that the
expression of vascular endothelial growth factor and endothelial nitric oxide synthase
(eNOS) protein in the rats treated with extracorporeal cardiac shock wave combined
with sulfur hexafluoride microbubbles of different concentrations was higher than that
in the N group and shock wave group, with shock wave + microbubble 0.45 group having
the strongest expression.

Conclusion: Myocardial ultrastructure damage occurs when high concentrations of sulfur
hexafluoride microbubbles are present, but a proper concentration of sulfur hexafluo-
ride microbubbles could promote the cavitation effect of extracorporeal cardiac shock
waves. Thus combination therapy may become a new paradigm in coronary heart dis-
ease, especially contributing to the treatment of refractory angina. Combination ther-
apy may change coronary heart disease treatment, especially for refractory angina.

Keywords: Extracorporeal cardiac shock wave, sulfur hexafluoride, ultrasonic micro-
bubble, cavitation effect, shearing stress, transmission electron microscope, myocardial
ultrastructure

INTRODUCTION

At present, the prevalence and mortality of cardiovascular diseases are still on
the rise. According to the data from China's Cardiovascular Health and Disease
Report 2020, the number of people suffering from cardiovascular diseases has
reached 330 million, and the death from cardiovascular diseases is the primary
cause of death for urban and rural residents.” Coronary heart disease (CHD) is
the most common type of cardiovascular disease, which is very easy to cause
acute myocardial infarction and can threaten the life of patients in severe cases.
In recent years, a variety of treatment methods, such as percutaneous coronary
intervention, coronary artery bypass grafting, and thrombolytic drugs, have
saved more and more lives of patients with acute myocardial infarction, but there
are still some patients who turn into refractory angina.? Currently, treatment for
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patients with advanced CHD includes revascularization of
chronic occlusion, external counterpulsation, myocardial
laser revascularization, and stem cell therapy, but the effect
is not satisfactory.®

Extracorporeal cardiac shock wave (SW) is a therapy devel-
oped in recent years to treat severe CHD. Its mechanism is
to apply physical principles to stimulate the local ischemic
myocardium with low energy, so as to produce mechanical
shear stress and cavitation effect in the cells of myocardial
tissue, increase the concentration of nitric oxide (NO) and
vascular endothelial growth factor (VEGF) in the local myo-
cardium, and promote angiogenesis and collateral circula-
tioninthe treatment area, thereby improving the myocardial
blood supply, relieving angina symptoms, and reducing the
occurrence of ischemic events.* It has been proved that SW
can improve myocardial perfusion in patients with chronic
intractable angina and enhance left ventricular systolic
function and exercise tolerance.>® In animal experiments,
SW has been proven to reduce myocardial cell apoptosis,
regulate autophagy, and inhibit myocardial fibrosis after
acute myocardial infarction in rats.”? In 2022, China formu-
lated an expert consensus on extracorporeal SW therapy for
CHD, which provides a new treatment option for patients
with refractory CHD in the late stage.™

Sulfur hexafluoride (SonoVue) microbubbles (MBs) can enter
theleftheartcavity and myocardial microcirculationthrough
the pulmonary circulation after peripheralintravenousinjec-
tion and have been widely used in cardiac ultrasound exami-
nation of patients with CHD. The MB will produce shear
stress and cavitation effect after blasting and release a lot
of energy which can collapse the microcirculation thrombus
andincrease the myocardial microcirculation blood flow per-
fusion."In addition, after the MB explosion, eNOS pathway is
activated, which increases endothelial nitric oxide (NO) syn-
thase concentration by 6 times and blood perfusion rate by
2.5times.™

Both extracorporeal cardiac SWs and sulfur hexafluoride
MBs can affect the myocardium by the mechanism of cavi-
tation effect and shearing stress. In our previous results
from in vitro experiment, we confirmed that extracorpo-
real SW can destroy MBs, which is more significant than that
under ultrasonic blasting. However, whether the mechanical
shearing stress and cavitation effect generated by extra-
corporeal cardiac SW combined with sulfur hexafluoride

HIGHLIGHTS

e To assist advanced coronary heart disease therapy, sul-
fur hexafluoride microbubble concentrations were var-
ied to see whether they affected damage.

e The ideal concentration of sulfur hexafluoride micro-
bubbles does not affect the myocardial ultrastructure in
rats, whereas 1.8 mL/kg/min does.

e Sulfur hexafluoride microbubbles may also boost extra-
corporeal cardiac shock wave cavitation.
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MBs during treatment will lead to additional tissue dam-
age remains to be verified. The ultrasonic MB is concentra-
tion dependent, with the higher MB concentration having
more significant effect.” In previous studies, 0.9 mL/kg/min
sulfur hexafluoride MBs were injected. All rats successfully
obtained high-quality real-time MCE short-axis images at
the level of middle papillary muscle, with MBs evenly filling
in the myocardium.™ Therefore, we propose and identify a
novel hypothesis: a proper concentration of sulfur hexafluo-
ride MBs could promote the cavitation effect of extracorpo-
real cardiac SWs. It may provide theoretical support for the
treatment of patients with CHD, especially contributing to
the treatment of refractory angina.

In this study, a rat model was adopted to observe the effects
of extracorporeal cardiac SW combined with different
concentrations of sulfur hexafluoride MBs on myocardial
structure, including its macroscopic, functional, and ultra-
structure. Different MB concentrations were set accord-
ingly to observe whether the damage was related to the
concentration of sulfur hexafluoride MBs. Specifically, echo-
cardiography, serum cTnl level and NO concentration, west-
ern blot of eNOS and VEGF, hematoxylin and eosin (H&E)
and Masson staining, and transmission electron microscopy
(TEM) to evaluate the possible damage of extracorporeal
SW combined with sulfur hexafluoride MBs on myocardial
ultrastructure.

METHODS

Animals

Thirty-six 8-week-old male Sprague Dawley (SD) rats [with-
out specific pathogen (SPF) grade], weighing 180-200 g,
were provided by Hebei Ex & In Vivo Biotechnology Co., Ltd.
(Shijiazhuang, China, Certificate No.: SCXK [Ji] 2020-002).
Sprague Dawley rats were randomly divided into 6 groups
(n=6): group 1: normal control group (N group); group 2:
extracorporeal cardiac SW group; group 3: extracorporeal
cardiac SW combined with the concentration 0.225 mL/kg/
min cardiac SW combined with the concentration 0.45 mL/
kg/ min of ultrasonic MB (SW + MB0.45); group 5: extracorpo-
real of ultrasonic MB (SW +MBO0.225); group 4: extracorpo-
real cardiac SW combined with the concentration 0.9 mL/kg/
min of ultrasonic MB (SW + MB0.9); and group 6é: extracorpo-
real cardiac SW combined with the concentration 1.8 mL/kg/
min of ultrasonic MB (SW + MB1.8).

Anesthesia

RWD small animal anesthesia machine (Shenzhen, China,
model R500) was used. The induction concentration of iso-
flurane was adjusted to 3%-4%, and the concentration was
maintained at 2%-2.5%. The animals were kept in complete
anesthesia during the operation.

Preparation and Infusion Method of Sulfur Hexafluoride
Microbubbles

In order to ensure that the injection volume of each rat is
equal, we configure 2 concentrations of sulfur hexafluo-
ride MBs. In the first method, 59 mg sulfur hexafluoride MBs
(SonoVue, Bracco, Italy) was mixed with 5 mL of normal saline
and shaken rapidly for 20 seconds to form 5 mL of uniform
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suspension, with the average diameter of ultrasonic MB
of 2.5 ym and an concentration of 2 x 108/mL. In the second
method, 59 mg sulfur hexafluoride MBs (SonoVue, Bracco,
Italy) was mixed with 2.5 mL of normal saline and shaken rap-
idly for 20 seconds to form 5 mL of uniform suspension, with
the average diameter of ultrasonic MB of 2.5 pym and an con-
centration of 4 x 108/mL.

Each rat was weighed before infusion, and sulfur hexafluo-
ride MB suspension was extracted according to body weight.
In order to ensure that the volume of injection fluid of each
rat was equal, the corresponding suspension was extracted
with 1 mL syringe and normal saline was added to 1 mL. For
the group of SW+MBO0.225, SW +MBO0.45, and SW +MBO0.9,
the first method of suspension was used for the rat. For the
group of SW +MB1.8, the second method of suspension was
used for the rat. For the group of Normal and SW, saline
infusion was used for the rat. In the group of extracorporeal
SWs combined with ultrasound MBs of different concentra-
tions, sulfur hexafluoride MBs were infused at a uniform rate
through the tail vein 15 seconds during the SW treatment
until the end of the SW treatment.

Treatment

On the first, third, and fifth days after randomization, rats
were treated with extracorporeal cardiac SW therapeu-
tic apparatus (Storz Medical, Switzerland) and ALOKA
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ultrasonic system (HITACHI, Japan), probe model (9133, 20
HZ) (Figure 1). The extracorporeal cardiac SW combined
with ultrasound MBs of different concentrations were used
for treatment. The anesthetized rats were fixed in the
supine position on the operating table, and the SW probe
was closely contacted with the chest skin. After connect-
ing a 1mL syringe through the rat tail vein puncture, the rats
received extracorporeal cardiac SW therapy (energy: 0.
mJ/mm; frequency: 1.0 Hz; the number of SWs: 200 times).
Waiting 15 seconds before SW treatment, different concen-
trations of sulfur hexafluoride MBs (0.225 mL/kg/min, 0.45
mL/kg/min, 0.9 mL/kg/min, 1.8 mL/kg/min) were infused. The
same amount of normal saline was injected into the tail vein
of ratsin SW group at the same time of SW treatment. Place
the SW probe in front of the chest of rats in group N without
the SW therapy. Ratsin group N received the same amount of
normal saline through the tail vein of rats. Echocardiography
was used to monitor heart rate and rhythm during treat-
ment. Blood pressure was measured with the tail artery
blood pressure analysis system (Softron BP-2010) before and
after the third treatment.

Echocardiography

A GE vivid E95 color Doppler ultrasonic diagnostic instru-
ment equipped with 12-s high-frequency probe (fre-
quency 12 MHz) and Echo PAC workstation is used. M-mode
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Figure1. (A) ECG monitoring before and during treatment in each group showed no malignant arrhythmia and ST-T abnormality.

(B) There was no significant difference in heart among groups before and after treatment (P > .05). n.s, not significant.

521 m—



Miao et al. Cavitation from Extracorporeal Shock on Rat

echocardiography images were acquired on the short axis
section at the papillary muscle level of the left ventricle and
the images were stored digitally for offline analysis. The
measurement of the left ventricular short-axis papillary
muscle section end-diastolic diameter (LVEDD) and end-
systolic diameter (LVESD) was repeated and the left ven-
tricular short-axis shortening rate (FS) and ejection fraction
(LVEF) was calculated. The average value was used for sta-
tistical analysis.

Determination of Serum cTnl level and Nitric Oxide
Concentration

Before treatment and after the end of the third treatment,
0.5 mL of blood was taken from the rat jugular vein and left
for half an hour. The blood was centrifuged for 10 minutes at
a speed of 3000 rpm and take out the supernatant. The cTnl
level in rat plasma was determined with a highly sensitive
ELISA kit (cloud clone core, SEA478Ra, USA). The concentra-
tion of NO was determined with the NO determination kit
(microplate method; Nanjing, China, A013-2-1).

Myocardial Tissue Collection

Myocardial tissues were collected from all rats on the eighth
day after treatment. Rats were anesthetized by intraperi-
tonealinjection of 7% chloral hydrate solution with a dose of
0.5 mL per 100 g. The rats were placed on the hypothermic
operating platform after the reflex disappeared to make
the heart stop at the end of diastole. Immediately open
the chest through the sternal angle approach, clip, and cut
off the large blood vessels at the bottom of the heart to
take off the heart. Divide the heart into 4 segments along
the long axis of the left ventricle, and cut the heart one by
one along the cross-section. The first apical segment was
discarded and the second segment was fixed in a 4% para-
formaldehyde solution and was embedded in paraffin for
histopathological examination. The third segment (papil-
lary muscle level) was treated according to the following
procedure of electron microscope sample collection. The
remaining myocardial tissue obtained from electron micros-
copy was placed in a 4 mL centrifuge tube and frozen in a
refrigerator at —80°C for subsequent extraction of myocar-
dial protein.

Hematoxylin and Eosin Staining

A paraffin section of myocardial tissue (thickness: 5 um) was
prepared and it was stained with H&E. Three high-magni-
fication visual fields were randomly selected for each slice,
and histopathological observation was conducted with an
optical microscope (Lm, BX51, Olympus, Japan). Observe the
distribution of neutrophils and lymphocytes in myocardial
tissue by evaluating the degree of inflammation.

Masson Staining

The paraffin section of myocardial tissue (thickness of 5 um)
for Masson staining was prepared. Histopathological obser-
vation was carried out under an optical microscope (Lm,
BX51, Olympus), and the degree of myocardial fibrosis was
evaluated in 3 microscopic fields (200x) of every 5 pm left
ventricular myocardial slice.
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Assessment of Myocardial Ultrastructural Damage

The rat myocardial tissue was cut into small pieces of 1 x 1
mm and thenimmersed completely into 2.5% glutaraldehyde
and stored at 4°C for more than 2 hours for anterior fixation.
About 0.1 mol/L phosphate buffer (pH 7.4) was used to wash
the tissues for 3 hours, and then the tissues were immersed
in 1% osmic acid for 1 hour for fixation, followed by rinsing
with 0. Lmol/L phosphate buffer for 15 minutes. The tissue
was immersed with 50%, 70%, 80%, and 95% acetone suc-
cessively for 15 minutes each time, and then it wasimmersed
with 100% acetone twice for 20 minutes each time to com-
plete the tissue dehydration. The tissue was put into EPON
812 solution (acetone : resin=1: 2) at room temperature
overnight. The treated tissue was put into the embedding
plate with resin. The embedded plate was placed into the
temperature box as the temperature changed to 37°C for 12
hours, 45°C for 12 hours, and 60°C for 48 hours successively.
The wrapped tissue block was cutinto ultrathin sections with
a thickness of about 50 nm by an ultrathin microtome. The
section was incubated with uranium dioxide acetate for 30
minutes and lead citrate for 30 minutes for electronic stain-
ing. All sections were observed with an electron microscope
and photographed with a digital imaging system.

For the acquired 36 electron microscopic specimens, 10
visual fields were randomly selected from each specimen. An
electron microscope was used to score the myocardial ultra-
structure injury, and the difference was compared between
the 2 groups. According to Yildirim et al.” myocardial ultra-
structure damage was evaluated.

Western Blot

Western blot was used to analyze the effects of different
intervention methods on eNOS and VEGF in all groups. The
enhanced chemiluminescence reagent is used to detect the
imaging of protein. f-actin was used as an internal control to
standardize the expression of eNOS and VEGF.

Statistical Analysis

Statistical analysis Statistical Package for the Social Sciences
(SPSS) 23.0 was used for statistical analysis. The data are
expressed as mean = SD. Two-way ANOVA was used to ana-
lyze the differences between baseline and post-treatment
and among multiple groups. Kruskal—Wallis test is used for
grade data. P < .05 was considered statistically significant.
GraphPad Prism 8.0 (San Diego, Calif, USA) was used to gen-
erate statistical charts. The related indexes of heart size and
systolic function (including LVEDD, LVESD, LVEF, FS) and Tnl,
NO were analyzed by 2-way ANOVA. The myocardial ultra-
structure score belongs to the grade data and is tested by
Kruskal—Wallis test (the figure is not shown).

RESULTS

Changes of Heart Rhythm, Heart Rate, and Blood Pressure

In order to evaluate the effect of extracorporeal SW com-
bined with MBs of different concentrations on the hemody-
namics of rats, we recorded the electrocardiogram of rats,
and no arrhythmia occurred in all rats (Figure 1A). The heart
rate and blood pressure of rats were measured at baseline
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and after treatment. The results showed that there was no
significant difference in heart rate, systolic blood pressure,
and diastolic blood pressure among the baseline groups (P >
.05). After treatment, there was no statistical difference in
heart rate, systolic blood pressure, and diastolic blood pres-
sure compared with the baseline (P > .05), and there was no
statistical difference in heart rate, systolic blood pressure,
and diastolic blood pressure among the groups after treat-
ment (P >.05) (Figure 1B).

Effects of Extracorporeal Shock Wave Combined with
Microbubbles on Left Ventricular Morphology

To further evaluate the effect of extracorporeal cardiac
SW combined with different concentrations of MBs on the
cardiac function of rats, cardiac ultrasound was used to
observe the size and systolic function of the left ventricle
of rats at baseline and after treatment. The results showed
that LVEDD (cm), LVESD (cm), LVEF%, and FS% of rat hearts
in each group had no significant difference at baseline and
after treatment (P >.05) (Figure 2A-D).

Changes of cTnl and Nitric Oxide in Serum

In order to evaluate whether there is myocardial injury after
extracorporeal SW combined with MBs of different concen-
trations, the level of cTnl in the rat blood samples was mea-
sured. Theresultsshowedthatclnlhadsignificantdifferences
among different groups and before and after treatment (P <
.001), with significantinteraction (P <.001). There was no sig-
nificant difference among the groups before treatment (P >
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.05). After treatment, the cTnl levels in SW + MB0.9 group and
SW +MB1.8 group were significantly higher than that in the
N group, SW group, SW +MBO0.225 group, and SW +MB0.45
group (P < .05). There was no significant difference among
the rest groups. The results of the comparison among groups
before and after treatment showed that the cTnl levels in
SW +MBO0.9 group and SW+MB1.8 group after treatment
were significantly higher (P <.001) (Figure 3A).

To evaluate whether extracorporeal SW combined with MBs
of different concentrations can promote the production of
NO, we detected the level of NO in rat serum. The results
showed that there were significant differencesin NO among
different groups and between before and after treatment (P
<.05), and theinteraction wassignificant (P <.05). There was
no significant difference among the groups before treat-
ment (P >.05). After treatment, the NO levels in SW group,
SW +MBO0.225 group, SW + MB0.45 group, SW + MBO0.9 group,
and SW + MB1.8 group were higher than thatin N group, and
the NO level in SW+MB1.8 group was higher than that in
SW group. There was no significant difference among the
rest groups. After treatment, the level of NO in SW group,
SW +MBO0.225 group, SW + MB0.45 group, SW +MBO0.9 group,
and SW +MB1.8 group increased significantly (Figure 3B).

Pathological Changes of Myocardium

Histopathology method was used to evaluate the effect of
extracorporeal SW combined with MB therapy on myocar-
dial tissue. Myocardial tissue sections of rats were observed
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Figure2. A.B,C,andDrespectively showed the changesof LVEDD (cm), LVESD (cm), LVEF%, and FS% before and after treatment.
The results showed that there was no statistical difference before and after treatment (P > .05), and there was no statistical

difference among the groups after treatment (P > .05). FS, short-axis shortening rate; LVEDD, left ventricular end-diastolic
diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter; n.s., not significant.
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Figure 3. (A) There are significant differences among different groups and between before and after treatment in the level of
cTnl (P <.001). (B) There are significant differences among different groups and between before and after treatment in the level

of nitric oxide (P <.001)

under a light microscope after H&E and Masson staining.
Inflammatory cell infiltration was found in SW + MB0.9 group
and SW + MB1.8 group, and no abnormality was foundin other
groups (Figure 4A). An increase in the degree of fibrosis was
also found in SW + MB1.8 group, while the degree of myocar-
dial fibrosis in other groups was not significant (Figure 4B).

Ultrastructural Changes of Rat Myocardium

In order to further determine the effect of extracorporeal
SW combined with ultrasound MB therapy on myocardial
ultrastructure, the structure of myocardial collagen fibers,
important organelles, nuclei, mitochondria, and sarcoplas-
mic reticulum in rats were observed by TEM. The results
showed that there was no collagenous fiber proliferation

A HE staining

e

v

SW+MB0.225

in N group and SW group, slight collagenous fiber prolif-
eration in SW +MBO0.225 group and SW +MBO0.45 group, and
obvious collagenous fiber proliferation in SW +MB0.9 group
and SW +MB1.8 group (Figure 5A). The damage of nucleus,
mitochondria, and sarcoplasmic reticulum in 6 groups were
observed by TEM at2differentmagnification (2500 timesand
7000 times). Normal myocardial cells can be seen in groups of
N, SW, SW +MBO0.225, and SW + MB0.45. Cytoplasmic swell-
ing can be seenin SW + MBO0.225 group. In SW + MB0.45 group,
cytoplasmic swelling and slight mitochondrial swelling were
observed. In SW +MBO0.9 group, the cytoplasm swelled obvi-
ously, some cristae of mitochondria broke and disappeared
with part of cristae fused. In SW + MB1.8 group, the cytoplasm
and nucleus were swollen, the mitochondrial membrane was

SW+MB0.45 SW+MBO0.9 SW+MB1.8

Figure 4. Histochemical methods were used to observe the morphological changes of rat heart tissue after extracorporeal shock
wave combined with ultrasound microbubbles of different concentrations. (A) Hematoxylin eosin staining showed no
inflammatory cell infiltration in group N (a), SW (b), SW + MB0.225 (c), SW + MB0.45 (d), and SW + MB0.9 (e). In SW + MB1.8 group

(f), { — ) shows inflammatory cell infiltration. (B) Masson staining showed no signs of fibrosis in N group (a), SW group (b),
SW + MBO0.225group (c), SW + MB0.45 group (d), SW + MB0.9 group (e), and the heart, while SW + MB1.8 group (f) indicated fibrosis.
Scale bar: 100 pm. MB, microbubble; SW, shock wave.

s 524



Anatol J Cardiol 2023; 27(9): 519-528 Miao et al. Cavitation from Extracorporeal Shock on Rat

A. accumulation of collagen

Figure5. Effectof extracorporealshock wave combined with ultrasound microbubbles of different concentrations on myocardial
ultrastructure in rats observed by transmission electron microscopy. (A) The changes in collagenous fiber were observed by
transmission electron microscope. No collagenous fiber was found in group N (a) and group SW (b). Slight proliferation of
collagenous fiber was observed in SW + MB0.225 group (c) and SW + MB0.45 group (d). In SW + MB0.9 group (e) and SW + MB1.8
group (f), collagenous fiber was obviously proliferated. Magnification 3000x. (B) The changes in nucleus, mitochondria, and
sarcoplasmic reticulum were observed with transmission electron microscope. Normal myocardial cells were visible in group N (a,
g) and SW (b, h), and no obvious damage was found. Mitochondrial swelling (—>) was occasionally seen in group SW + MB0.225 (c,
i) and SW +0.45 (d, j). Perinuclear space widened, mitochondrial crista fusion and sarcoplasmic reticulum expanded in group
SW + MBO0.9 (e, k). Cytoplasmic swelling, nuclear edge shift, and mitochondrial model swelling were visible in group SW + MB1.8 (f,
1). Some mitochondrial crista breaks disappeared and sarcoplasmic reticulum expanded. q, b, c, d, e. f, Magnification 2500x%; g, h,

i, i, k, I, Magnification 7000x. MB, microbubble; SW, shock wave.

partially broken, and the sarcoplasmic reticulum was par-
tially collapsed (Figure 5B). Evaluate myocardial ultrastruc-
ture damage according to the myocardial ultrastructure
damage scoring system proposed by Yildirim. There were
significant differences among groups (chi-square =26.99, df
=5,P <.001). The score of SW + MB1.8 group was significantly
higher than that of the normal control group, SW group,
SW +MBO0.225 group, and SW +MBO0.45 group (P=.01, P=.02,
P=.009, P=.028). The score of SW + MB0.9 group was signifi-
cantly higher than that of the normal control group (P=.09),
and there was no significant difference between the rest
groups.

Expression of Vascular Endothelial Growth Factor and eNOS
Protein in Myocardium

Western blot results showed that the expressions of VEGF
and eNOS protein in SW+MBO0.225 group, SW +MBO0.45
group, SW+MBO0.9 group, and SW + MB1.8 group were higher
than those in N group and SW group of which the strongest
expression was in SW+MBO0.45 group (Figure 6).

DISCUSSION

Extracorporeal SW therapy provides a new treatment
option for patients with advanced CHD. The extracorporeal

cardiac SW system was developed by Swiss STORZ MEDICAL
Company in 2003. Extracorporeal cardiac SW is a kind of
low energy, narrow pulse width pulse mechanical wave. The
waveform has a steep pulse rising section with a very short
duration. It has very high pressure at the peak of the pulse.
The focal pressure can reach 3~75 MPq, the frequency of the
SWis0.1~0.2MHz, and the energy flow density is 0.005~0.640
mJ/mm?, which is only 1/10 of the extracorporeal lithotripsy
energy.” The sulfur hexafluoride MB consists of a sulfur hexa-
fluoride gas core and an external phospholipid shell, with a
diameter of about 2.5 pm." Sulfur hexafluoride MB can dis-
play 2 states in the application process, stable cavitation,
and inertial cavitation. The research shows that the MB will
produce inertial cavitation when the pressure is greater than
1.5 MPa, which will result in nonlinear increase of the MB vol-
ume and crack.” The focal pressure of extracorporeal car-
diac SW is about 3~75 MPa, which is enough to cause inertial
cavitation of MBs. In vitro experiments, we found that the
intensity of extracorporeal cardiac SW treatment can accel-
erate the destruction of ultrasound MBs and enhance cavi-
tation. However, previous studies have shown that excessive
cavitation also has harmful effects on normal cells and tis-
sues, such as bleeding, vascular injury, apoptosis, etc.”?
Therefore, it is necessary to conduct a more in-depth and
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Figure 6. Expression of VEGF and eNOS protein in

myocardium after extracorporeal shock wave combined
with microbubbles of different concentrations. The
expressions of VEGF and eNOS protein in SW+MBO0.225
group, SW+MBO0.45 group, SW+MBO0.9 group, and
SW +MB1.8 group were higher than that in the N group and
SW group, and the strongest expression was in SW + MB0.45
group. MB, microbubble; SW, shock wave; VEGF, vascular
endothelial growth factor.

comprehensive exploration of the combination and evaluate
itin the clinical environment.

Extracorporeal cardiac SW therapy will not cause additional
damage to the body. Studies reported that® after extracor-
poreal cardiac SW therapy, no hemodynamic abnormalities,
arrhythmia, and cTnl elevation were observed in rats, and
no adverse effects on left ventricular function were found
by cardiac ultrasound evaluation. In our study, no arrhyth-
mia was found in rats, and there was no difference in heart
rate, blood pressure, LVIDs, EDV, ESV, EF, and FS before and
after treatment compared with the control group, which
was consistent with previous studies. However, the level of
cTnl in serum increased significantly in SW+MB0.9 group
and SW +MB1.8 group, which may be due to the increased
concentration of MBs, the increased number of MBs in the
myocardium, and the significant inertial cavitation, which
led to myocardial cell damage. The immunohistochemical
method was used to observe the myocardial tissue of rats
after treatment. Neutrophils and lymphocytes were infil-
trated in SW +MBO0.9 group and SW + MB1.8 group. This may
be due to infiltration and proliferation after external stimu-
lation, which is also a reaction of the body's normal defense
system. In addition, the degree of fibrosis in the SW + MB1.8
group increased. It is reported that?** if the shearing stress
and cavitation are strong enough during SW treatment, the
cell membrane, cytoskeleton, small blood vessels, and other
structures could be damaged and fibrosis could occur.

Previous studies have shown that? low energy SW induced
in vitro is nonselective in treatment, generating mechani-
cal shearing force and cavitation effect in tissues and cells
further triggered a series of biochemical reactions at the
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subcellular level. Based on the above factors, we used TEM to
observe the myocardial ultrastructure. Transmission electron
microscopy has 10 000 times magnification and nanome-
ter resolution, which makes it have significant advantages
in morphological evaluation at the cellular level. In 2004,
Yildirim et al® proposed a scoring system for myocardial
ultrastructure damage in a series of studies. In this study, we
mainly focus on the observation of the structure of nucleus,
mitochondria, sarcoplasmic reticulum, and collagen fibers.
According to the observed morphological changes, we
scored 0~3. Liu et al®® found that extracorporeal SW therapy
did not cause significant damage to the ultrastructure of
myocardial cells by the observation of the ultrastructure of
myocardial cells with TEM, confirming that it was safe at the
cellular level. Our research shows that the rats in SW group
have normal myocardial cells, and mitochondria swelling can
be seen occasionally in SW+MB0.225 group and SWB 0.45
group, which is consistent with previous research. However,
in the SW +MBO0.9 group, the perinuclear space widened, the
mitochondrial crista fused, and the sarcoplasmic reticulum
expanded. Inthe SW + MB1.8 group, the rat cardiac myocytes
showed cytoplasmic swelling, nuclear edge shift, mitochon-
drial model swelling, partial crista rupture disappearance,
and sarcoplasmic reticulum expansion. The myocardialinjury
score was significantly different from the control group. In
addition, collagenous fiber was obviously proliferated in
SW +MBO0.9 group and SW +MB1.8 group, which indicated
that with the increase of MB concentration, increased cavi-
tation and shearing stress would damage the ultrastructure
of the heart. The increase of collagenous fiber may be the
result of self-repair after myocardial injury.

Previous studies have shown that?*? the shearing stress and
cavitation effect generated by extracorporeal cardiac SW
and ultrasound MBs cansignificantly improve the levelsof NO
and VEGF. In this study, we have verified whether the com-
bination of extracorporeal cardiac SW and ultrasound MBs
with different concentrations can promote the cavitation
effect. Nitric oxide has an important protective effect on
the cardiovascular system since it regulates human vascular
tension and causes endothelium-dependent vasodilation.
Previous studies?® showed that extracorporeal cardiac SW
therapy can up-regulate the expression of VEGF and other
cytokines and play arole in protecting ischemic myocardium
by promoting the “budding” growth of capillaries, forming a
new capillary network and inducing cardiac vasodilation.

In this study, we found that the serum NO level of rats
treated with extracorporeal cardiac SW combined with
ultrasound MBs of different concentrations was higher than
that of rats treated with SW alone. Western blot results also
showed that the expression levels of eNOS and VEGF in rats
treated with different concentrations of sulfur hexafluo-
ride MBs were higher than those treated with SW alone. We
speculate the mechanism may be that the superimposed
MB rupture in the myocardial microcirculation enhances the
shear force and cavitation effect of extracorporeal cardiac
SW, thereby enhancing the activity of endothelial NO syn-
thase, promoting the production of NO, and can significantly
up-regulate the expression of vascular endothelial growth
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factor in ischemic myocardium, increase the capillary den-
sity of ischemic myocardium, and significantly increase the
local blood perfusion in myocardial tissue. However, our
study shows that with the increase of ultrasound MB con-
centration, its therapeutic effect does not increase linearly.
In this study, there was no significant difference in serum
NO levels among SW +MBO0.45 group, SW+MB0.9 group,
and SW +MB1.8 group. In Western blot results, eNOS and
VEGF were the highest in SW +MBO0.45 group, while protein
expression levels in SW +MB1.8 group decreased. The pos-
sible reasons lie in the following: (1) With the increase of MB
concentration, the ultrastructure of myocardial cells is dam-
aged, which affects the normal function of myocardial cells
and leads to the decrease of eNOS and VEGF levels in myo-
cardial tissue; (2) when too many MBs are gathered together,
the pressure generated by the explosion of the center MB will
affect the surrounding MB, reducing its pressure instead. A
high concentration of MBs may limit the growth of MBs, and
blasting shearing stress may not produce the best clinical
effect;? and (3) previous studies on sulfur hexafluoride MBs
showed that?*° the inertial cavitation threshold of MBs rises
with the increase of bubble concentration. When the MB
concentration is high, higher pressure is usually required to
make the MB inertial cavitation. However, we did not adjust
the focused pressure of extracorporeal SW with the increase
of MB concentration during treatment.

In this study, we identify our novel hypothesis that a proper
concentration of sulfur hexafluoride MBs could promote the
cavitation effect of extracorporeal cardiac SWs. These find-
ings indicated that combination therapy of extracorporeal
cardiac SWs with sulfur hexafluoride MBs may become a
new paradigm in CHD, especially contributing to the treat-
ment of refractory angina. Especially, the new therapy para-
digm provides a noninvasive approach for the assessment
of myocardial structure and function in animal and clinical
studies. More importantly, the combined-modality treat-
ment may provide theoretical support for the treatment of
patients with CHD, especially contributing to the treatment
of refractory angina.

In this study, normal rats were selected and the observation
time was relatively short. As well, our research has short-
comings in that female rats were not adopted to identify
the cavitation effect of the combined-modality treatment.
Thus, different outcomes might be found in the female
model. Therefore, the safety and therapeutic effect in dif-
ferent heart disease models will be further observed in the
follow-up study, and the long-term cardiac changes after
treatment will also be evaluated. In addition, the patient had
slight tingling during the clinical extracorporeal SW treat-
ment. However, we cannot verify whether the combination
of sulfur hexafluoride MBs will increase the pain due to the
anesthesia of the animal.

CONCLUSION

In conclusion, the treatment of extracorporeal SW com-
bined with sulfur hexafluoride MBs of different concentra-
tions is feasible. The appropriate concentration of sulfur
hexafluoride MBs does not cause damage to the myocardial
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ultrastructure of rats, while myocardial ultrastructure will
be injured when the concentration reaches 1.8 mL/kg/min. In
addition, the combination of sulfur hexafluoride MBs could
enhance the cavitation effect of extracorporeal cardiac SWs.
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