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Introduction

Worldwide, female breast cancer was the most common 
cancer with around 2.3 million new cases (11.7%) and 
the fifth leading cause of cancer death with around 0.7 
million new deaths (1). Although more new cases were 
diagnosed in women over the age of 50, its incidence 
in younger women is rising (2). In China, breast cancer 
was the most common cause of cancer death (16.7%) 
in women ages 15-44 (3). Screening technology is 
becoming more mature and widespread, and more 
breast cancers of a smaller volume are detected at an 
even earlier stage (4). Therefore, early diagnosis and 
appropriate treatment affect patient prognosis. With the 
spread of breast-conserving surgery and the widespread 
use of pre- and postoperative adjuvant therapy, local 
treatment of breast cancer is developing rapidly (5). 
According to different tumor types and stages, different 
local treatments can be selected, such as radiotherapy 

(6), radiofrequency ablation (7), and microwave 
ablation (8).
 Ultrasound (US) is now one of the hot fields in 
treating solid tumors. Bioeffects of US mainly consist 
of thermal effects, cavitation, and mechanical effects. 
High-intensity focused ultrasound (HIFU), as a therapy 
with thermal effects, has been used clinically to treat 
various solid tumors, like liver cancer and thyroid 
cancer (9,10). However, HIFU is still not widely 
used in breast cancer due to technical and equipment 
limitations, and it has a variety of complications, such 
as pain, skin burns, edema of the lungs, and major 
pectoralis injury. As a non-thermal therapy, low-
frequency US has been widely studied in promoting 
cell apoptosis in vitro and in vivo (11-14). Cavitation 
plays an essential role in the inhibition of tumor growth 
by low-frequency US. According to the state of MB 
motion, cavitation is divided into stable cavitation 
and inertial cavitation; in the former, MBs move in 
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Abstract: The aim of this study was to explore the effects of low-frequency ultrasound (US) combined with 
microbubbles (MBs) on breast cancer xenografts and explain its underlying mechanisms. A total of 20 xenografted 
nude mice were randomly divided into four groups: a group treated with US plus MBs (the US + MBs group), 
a group treated with US alone (the US group), a group treated with MBs alone (the MBs group), and a control 
group. In different groups, mice were treated with different US and injection regimens on an alternate day, three 
times in total. Histological changes, apoptosis of cells, microvascular changes, and the apoptosis index (AI) and 
microvascular density (MVD) of the breast cancer xenograft were analyzed after the mice were sacrificed. Results 
indicated that the tumor volume in the US + MBs group was smaller than that in the other three groups (p < 0.001 
for all). The rate of tumor growth inhibition in the US + MBs group was significantly higher than that in the US 
and MBs groups (p < 0.001 for both). There were no significant differences in histological changes among the four 
groups. However, the AI was higher in the US + MBs group than that in the other three groups while the MVD was 
lower (p < 0.001 for all). All in all, low-frequency US combined with MBs can effectively slow down the growth of 
breast cancer in nude mice. In summary, low-frequency US combined with MBs has a significant effect on breast 
cancer treatment. Cavitation, thermal effects, and mechanical effects all play a vital role in the inhibition of tumor 
growth.
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periodic, nonlinear oscillations under the action of 
periodically varying US. In the latter, MBs periodically 
expand and contract until they burst, releasing large 
amounts of energy. Low-frequency US has not been 
studied in depth in terms of its efficacy and mechanism 
of action in breast cancer. In our previous work, we 
found that the most suitable exposure parameters were 
a frequency of 1 MHz, an intensity of 2 W/cm2, a duty 
cycle of 50%, and an exposure time of 5 min. The aim 
of the current study was to explore the effects of low-
frequency US combined with MBs and explain its 
underlying mechanisms.

Materials and Methods

Cell culture

MDA-MB-231 cells (Shanghai Cancer Institute) were 
cultured in a RPMI-1640 medium (Gibco, America) 
supplemented with 10% of FBS (HyClone, US) at 
37°C in an atmosphere of humidified 5% CO2. All 
experiments were performed in accordance with the 
requirements of the Guidelines for the Care and Use of 
Laboratory Animals and were approved by the Animal 
Experiment Ethics Committee of Shanghai Medical 
College of Fudan University.

Xenograft model establishment and sample collection

Female Balb/c nude mice (4-5 weeks old, 18-24 g) were 
acquired from Shanghai Xipur-Bikai Experimental 
Animal Co. Mice were bred under special pathogen-free 
(SPF) conditions.
 When MDA-MB-231 cells reached the logarithmic 
phase, they were digested with a 0.25% EDTA trypsin 
digestive solution (Gibco, America), suspended, and 
harvested by centrifugation at 1,200 rpm for 5 min. A 
total of 1 × 106 cells suspended in 100 μL of PBS were 
injected subcutaneously under the second pair of right 
mammary fat pads of each nude mouse. After injection, 
the tumor growth was observed, and on the 10th day, 
the tumor grew to 10 mm, and the xenograft model was 
successfully established.

US treatment procedures

The US750 low-frequency ultrasonic therapeutic 
instrument (ITO Co. Ltd., Japan) was used in this study. 
US exposure was as follows: a frequency of 1 MHz, an 
intensity of 2 W/cm2, a duty cycle of 50%, and exposure 
time of 5 min. SonoVue (Bracco, Milan, Italy), which 
contained sulfur hexafluoride gas and had a phospholipid 
monolayer shell, was shaken with 5 mL of normal saline 
into a MB suspension, and 0.2 mL of the MB suspension 
was injected into the mouse via the tail vein.
 A total of 20 xenografted nude mice were randomly 
divided into four groups. The US plus MBs (US + MBs) 

group was treated with MBs followed by US. The MBs 
group was treated with MBs combined with empty 
exposure. The US group was treated with saline followed 
by US. The control group was treated with saline 
combined with empty exposure. All of the mice had 
undergone US or empty irradiation on an alternate day, 
three times in total. After the third treatment, all mice 
were kept under SPF conditions for 6 days. Afterwards, 
all xenografted mice were sacrificed. The tumors were 
removed for observation and fixed in formalin for further 
study.

Measurement of tumor growth

The tumor volume was calculated with the following 
formula: Volume (V) = (π × a × b2)/6. The length (a) 
and width (b) of tumors were measured before each 
irradiation and every other day after the last irradiation, 
six times in total. The following formula was used to 
calculate the rate of tumor growth inhibition (TGI): 
TGI (%) = (1 - V/V0) × 100%. (V represented the final 
volume in treatment groups, and V0 represented the final 
volume in the control group)

Hematoxylin and eosin (H&E) staining

The harvested tumor specimens were fixed in a 4% 
formalin solution for 24 h. The tissues were embedded 
in paraffin and then cut into 4-μm-thick sections. 
The sections were stained with H&E for pathological 
examination. A microscope was used to photograph the 
sections at ×400 magnification to observe the tumor 
tissue pathology and structural changes.

Terminal deoxynucleotidyl transferase dUTP nick-end 
labeling (TUNEL) assay

Using the In Situ Cell Death Detection Kit (POD, 
Roche company, Germany), apoptosis of the tumor 
cells was determined with TUNEL. Apoptotic cells 
with DNA fragmentation stained brown. Slides were 
counterstained with hematoxylin, and the apoptotic cells 
stained brownish-yellow. The total number of tumor cell 
nuclei and TUNEL-positive cell nuclei were counted 
(magnification, ×400). Eight high-magnification fields 
were analyzed in each section. The positive cells and 
total cells in every field were counted and then the 
apoptosis index (AI) was calculated using the following 
formula: AI = (Number of positive cells/Number of 
whole cells) × 100%. The AI of all eight fields was 
averaged as the AI for the section.

CD34 immunohistochemical staining

The paraffin sections were dewaxed. The tissue sections 
were incubated with 3% methanol hydrogen peroxide 
for 5 min at room temperature, washed with PBS 
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Results

Low-frequency US combined with MBs inhibited tumor 
growth

Tumor growth was significantly inhibited in the US + 
MBs group. The tumor volume in the US+MBs group 
(0.961 ± 0.490 mm3, p < 0.001) was smaller than that 
in the control (2.067 ± 0.281 mm3, p < 0.001), MBs 
(1.949 ± 0.250 mm3, p < 0.001), and US groups (1.542 
± 0.133 mm3, p < 0.001), and the TGI in the US + MBs 
group (53.51%, p < 0.001) was greater than that in the 
MBs (10.98%, p < 0.001) and US groups (25.40%, p < 
0.001). Compared to the control and MBs groups, the 
tumor volume in the US group was markedly smaller (p 
< 0.05 for both), and the TGI in the US group was higher 
than that in the MBs group (p < 0.001). There were no 
significant differences in the tumor volume in the control 
and MBs groups (p > 0.05). The trends in tumor growth 
in the four groups are shown in Figure 1. Tumor volumes 
and TGIs are shown in Table 1.

Low-frequency US combined with MBs reduced 
erythrocyte-filled vessels without other pathological 
changes

three times to block endogenous peroxidases, and then 
blocked with dilute goat serum at room temperature for 
20 min to block nonspecific antigens. Then, the tissues 
were continuously incubated with CD34 antibodies 
overnight, secondary antibodies for 20 min, and the 
chromogenic agent for 20 min, followed by hematoxylin 
counterstaining, dehydration, and mounting. The nuclei 
and cytoplasm of vascular endothelial cells stained 
brownish-yellow. The sections were observed under 40× 
magnification to determine areas of high blood vessel 
density, i.e., hot spots. The number of vessels in hot spots 
was counted under 400× magnification. After observing 
five hot spots, the microvascular density (MVD) was 
calculated.

Statistics

Quantitative data are expressed as the mean ± standard 
deviation. Differences between or within groups were 
tested using one-way analysis of variance (ANOVA), and 
differences in ratios were tested using a chi-squared test. 
A P value<0.05 indicated statistical significance, and a 
p value<0.001 indicated marked statistical significance. 
Statistical analysis was performed using the software 
SPSS 13.0.
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Figure 1. Growth trends for breast cancer xenografts. Tumor growth in the US + MBs group slowed down significantly and 
the slope was relatively slight. Tumor growth in the US group slowed down, and the slope was steeper than that in the US + MBs 
group. Trends in tumor growth were similar in the MBs and control groups, and the slopes were steep.

Table 1. Comparison of tumor growth in each group after treatment

Group

Control
MBs
US
US + MBs

n

5
5
5
5

Tumor volume before treatment (mm3)

0.434 ± 0.065
0.437 ± 0.062
0.454 ± 0.062
0.431 ± 0.025

Tumor volume before execution (mm3)

2.067 ± 0.281
1.949 ± 0.250

 1.542 ± 0.133a

 0.961 ± 0.490b

TGI (%)

-
10.98

 25.40c

 53.51d

(a) p < 0.05, US vs. Control, MBs, respectively; p < 0.001, US vs. US + MBs. (b) p < 0.001, US + MBs vs. Control, MBs, US, respectively. (c) 
p < 0.001, US vs. MBs. (d) p < 0.001, US + MBs vs. MBs, US, respectively. US: ultrasound; MBs: microbubbles; TGI: rate of tumor growth 
inhibition.
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Pathological changes in tumor tissues are shown in 
Figure 2. H&E staining did not reveal noticeable 
histological differences in each group, and no apparent 
necrosis was observed. Under microscopic observation, 
the number of erythrocyte-filled vessels decreased 
in the US + MBs group compared to the other three 
groups. Erythrocyte leakage was seen in the interstitium 
in some areas in the US + MBs group.

Low-frequency US combined with MBs increased 
apoptosis

As shown in the TUNEL assay, the distribution of 
apoptotic cells in each group are shown in Figure 3. A 
few scattered stained apoptotic cells were seen in the 

control and MBs groups. In the US group, the number 
of apoptotic cells increased, and they were scattered. 
In the US + MBs group, apoptotic cells increased 
significantly, and they were present in sheets, and 
especially around blood vessels. The AI in the US + 
MBs group (49.02 ± 2.85%) was significantly higher 
than that in the other three groups (US: 11.04 ± 0.34%; 
MBs: 6.15 ± 0.29%; control: 4.68 ± 0.22%; p < 0.001 
for all). The AI in the US group was markedly higher 
than that in the control and MBs groups (p < 0.001 for 
both). There were no significant differences in the AI in 
the MBs and control groups (p > 0.05). The AIs in the 
four group are shown in Table 2.

Low-frequency US combined with MBs reduced the 
microvascular density

After CD34 staining, the microvascular endothelium 
stained brownish-yellow, as shown in Figure 4. In the 
control and MBs groups, several microvessels were 
observed in areas where the tumor thrived. However, 
the number of microvessels decreased in the US group. 
In the US + MBs group, the number of microvessels 
decreased significantly, and the residual lumens were 
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Figure 2. H&E staining of breast cancer xenografts (×400). 
(A) In the control group, donor blood vessels are visible at the 
edge of the tumor, and the lumen is filled with erythrocytes 
(black arrow). (B) In the MBs group, a few vessels are seen in 
the tumor, and a few erythrocytes are seen in the lumen (dotted 
arrow). (C) There are few vessels in the US group. (D) In the 
US + MBs group, erythrocytes leaked into the interstitium 
(white arrow). H&E: hematoxylin and eosin.

Figure 3. Tumor apoptosis after treatment in four groups 
(×400). (A) and (B) There were a few scattered apoptotic cells 
in the control and MBs groups. (C) Apoptotic cells increased 
and were scattered in the US group. (D) Apoptotic cells 
significantly increased and were present in sheets in the US + 
MBs group.

Table 2. Comparison of AI and MVD after treatment 
among groups

Group

Control
MBs
US
US + MBs

AI (%)

 4.68 ± 0.22
 6.15 ± 0.29
11.04 ± 0.34a

49.02 ± 2.85b

n

5
5
5
5

(a) p < 0.001, US vs. Control, MBs, US + MBs, respectively. (b) 
p < 0.001, US + MBs vs. Control, MBs, US, respectively. MVD: 
microvascular density; AI: apoptosis index; US: ultrasound; MBs: 
microbubbles.

MVD

10.93 ± 0.37
10.48 ± 0.44

   6.59 ± 0.24a

   3.75 ± 0.36b

Figure 4. MVD after treatment in four groups (×400). (A) 
and (B) There are many microvessels in the control and MBs 
group. (C) Microvessels decreased slightly in the US group. 
(D) Microvessels decreased significantly in the US + MBs 
group, and the residual lumens are mostly closed. MVD: 
microvascular density.
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mostly closed. MVD in the US group was lower 
than that in the control and MBs groups (p < 0.001). 
The MVD in the US + MBs group (3.75 ± 0.36) was 
markedly lower than that in the other three groups (US: 
11.04 ± 0.34; MBs: 6.15 ± 0.29; and control: 4.68 ± 0.22; 
p < 0.001 for all). There were no significant differences 
in the MVD in the control and MBs groups (p > 0.05). 
The MVDs in the four groups are shown in Table 2.

Discussion

US is widely investigated and has developed in 
diagnostic and therapeutic fields, and low-frequency 
US is currently a topic of therapeutic study. Compared 
to high-frequency US, low-frequency US produces less 
heat and more cavitation. The ability of low-frequency 
US to inhibit tumor proliferation had been proved 
in several studies. Jang et al. observed cell death in 
melanoma cells mixed with Optison MBs after low-
intensity US (15). Cao et al. found that low-intensity 
US suppressed the ability to proliferate, form colonies, 
and invade AsPC-1 cells (11). However, its clinical 
use in breast cancer in vivo is still unclear. The current 
study established a breast cancer model in nude mice 
and then subjected breast cancer xenografts to low-
frequency US treatment combined with MBs. This 
study tried to clarify its clinical effects and discussed 
the underlying mechanisms.
 Different US regimens can lead to different cell 
outcomes. When the frequency is fixed, total cell death 
and the ratio of necrosis increases with increasing 
intensity (16). In our previous study, we used different 
parameters for US (1 MHz) to treat breast cancer 
xenografts in nude mice. US at a frequency of 1 
MHz, an intensity of 2 W/cm2, and a duty cycle of 
50% maximally inhibited tumor growth without the 
death of nude mice. With the current treatment, low-
frequency US (a frequency of 1 MHz, an intensity of 
2 W/cm2, a duty cycle of 50%) significantly inhibited 
breast cancer xenografts, as evinced by the inhibition of 
tumor growth and abundant apoptotic cells, especially 
in the US + MBs group. Interestingly, there was no 
evidence of necrosis during the whole treatment. When 
tumors were treated with HIFU, significant coagulation 
necrosis may occur (9,17). The current study indicated 
that tumor destruction induced by low-frequency US 
was due to cell apoptosis, rather than cell necrosis.
 When US irradiation at a specific frequency and 
intensity is applied to a liquid, cavitation nuclei will 
be created, followed by a change in volume, collapse, 
and a burst of the nuclei. Transient cavitation bubbles 
oscillate strongly and exist for only a few acoustic 
cycles, eventually collapsing, producing a large 
number of free radicals and a high local temperature 
and pressure (18,19). Oscillating bubbles also create 
microstreaming, which can induce shear stress on 
nearby cells or vessel endothelium (20). In addition, the 

force of radiation pushes bubbles towards the direction 
of wave propagation, which may have some impact on 
the endothelium. Actions on endothelium cause various 
stimuli, which are related to cell apoptosis alone or 
together, including damage to nuclear DNA (21), 
reactive oxygen species (22), a change in membrane 
permeability (23), disturbance of the calcium balance 
(24,25), and stimulation of the endoplasmic reticulum 
(26).
 All of the above proved that cavitation-related 
effects lead to apoptosis. However, inducing cavitation 
in whole blood is not easy, probably because the body 
continuously filters impurities, including cavitation 
nuclei (27). SonoVue MBs were used as artificial 
cavitation nuclei, which markedly lowered the 
cavitation threshold and amplified the effect of US. 
Results indicated significantly better efficacy in the 
US + MBs group than that in the US group, which was 
confirmed in several other studies. Shen et al. used US 
at a frequency of 21 kHz on rabbit VX2 liver tumors, 
and the TGI was the highest in the US + MB group 
(28). Cao et al. indicated that US at a frequency of 45 
kHz had the most efficient effect on decreasing cell 
viability and suppressing the ability of AsPC-1 cells to 
proliferate and form colonies in the US + MB group 
(11). However, comparing the efficacy of US across 
studies is not easy because different investigators used 
different US parameters and treatment conditions and 
acted on different targets.
 In addition to cavitation, thermal effect is one of 
the essential bioeffects of low-frequency US. Mild 
hyperthermia can induce apoptosis in tumor cells and 
act synergistically with other therapies since it leads to 
several significant physiological changes by increasing 
the tumor blood flow and the perfused fraction of the 
tumor (29-31). When modulated electro-hyperthermia 
treatment was applied to the BALB/c mouse isograft 
model, the elevated expression of heat shock protein 
(HSP) 70 indicated heat shock-related cell stress, and 
the treated tumor showed significant signs of apoptosis 
and upregulation of caspase-3 (32). The stress protein 
response to US irradiation produced a large amount of 
HSPs, and elevated levels of HSP can trigger apoptosis 
(32). All of the above indicate that hyperthermia 
plays a certain role in oncotherapy. It has rarely been 
used clinically alone or with other therapies, so more 
research needs to be conducted in the future.
 Neovascular iza t ion is  associa ted wi th  the 
reproduction, invasion, and metastasis of tumors. The 
destruction of supply vessels that provide sufficient 
oxygen and other nutrients to tumor cells can inhibit 
the growth of a tumor. The current study noted obvious 
vessel damage and erythrocyte leakage in the US + 
MBs group, which might be related to the cavitation 
and thermal effects of low-frequency US. Shock waves 
generated by MBs collapsing near the vessel wall 
may create liquid jets that damage endothelium and 
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cause holes in the vessel wall, activating coagulation 
and causing thrombosis (33). Shen et al. found that 
sonication with low-frequency US at 20 kHz and MBs 
of the rabbit carotid artery formed holes, local vascular 
wall defects, and arterial elastic membrane separation 
(34). Shen et al. indicated that diffused interstitial 
hemorrhages and vascular thrombi were observed after 
US treatment with MBs in rabbit VX2 hepatic tumors 
(28). The above studies indicated that low-frequency 
US combined with MBs can disrupt supply vessels, 
which may explain the inhibition of tumor growth.
 Compared to vessels of normal tissue, tumor vessels 
are immature, abnormal, and highly permeable. Some 
large tumor vessels lack smooth muscle and are only 
consist of endothelium and a basement membrane. 
The endothelium in tumors is also structurally 
defective; it is discontinuous and full of gaps, causing 
hemorrhaging and facilitating permeability. Poorly 
differentiated cell contacts, abnormal cell-cell 
junctions, and exaggerated leakiness cause defects in 
endothelial cell barrier function (35). Tumor vessel 
density is very heterogeneous, and the arrangement of 
vessels is chaotic, especially in the center (35). Due to 
either increased endothelial permeability or tortuous 
vessels, the blood flow rate in tumor sites decreases, 
and MBs tend to be trapped at tumor sites rather 
than normal tissue sites. DeOre et al. found that the 
longer the residence time of MBs, the more sufficient 
thermal effects of damaging the endothelium (36). 
The difference in temperature enables the selective 
disruption of tumor blood vessels without causing a 
significant adverse effect on normal blood vessels (37).
 In our study and other studies, low-frequency US 
has displayed a certain level of efficacy on solid tumors 
and no skin damage, death of mice, or metastasis were 
observed in our study, there are still concerns about the 
negative impact of using low-frequency US. For this 
reason, some researchers have discussed the possible 
negative effects of low-frequency US irradiation. Yang 
et al. found that after exposure to 0.6W/cm2 for 15 
minutes, epidermal and dermal necrosis, excoriation, 
and inflammatory cell infiltration were seen in skin 
tissue (38). While after exposure to 0.35W/cm2 for 
15 min, mouse skin displayed no obvious changes 
(38). Hence, at certain frequencies and intensities, US 
irradiation caused no significant damage to the skin 
of mice. Similarly, when controlled within a certain 
threshold, the effect of US irradiation on human skin 
is negligible (39). Although whether low-frequency 
US irradiation does harm to the surrounding normal 
tissues was not considered in our study, it has been 
determined by other researchers. Wang et al. treated 
mouse pancreatic cancer cells and normal pancreatic 
ductal epithelial cells with low-frequency US; with 
MB concentrations under 15%, the viability of normal 
pancreatic cells was not affected, while with MB 
concentrations under 30%, the rate of inhibition of 

pancreatic cancer cells increased progressively (40). 
The difference between normal cells and cancer cells 
when subjected to low-frequency US irradiation is 
closely related to apoptotic factors. For example, 
survivin is a member of the inhibitor of apoptosis 
protein family, which are selectively expressed in 
various malignant tumors but which are not expressed 
or which are expressed at lower levels in normal tissues 
(41). Under the action of low-frequency US, the up- 
and down-regulation of pro- and anti- apoptotic factors 
jointly leads to the apoptosis of cancer cells, thereby 
inhibiting the proliferation of cancer cells. Studies have 
shown that low-frequency US irradiation can inhibit 
the migration of cancer cells, thereby reducing the 
possibility of metastasis. In a study by Wei et al., low-
frequency US was applied to prostate cancer cells, and 
cancer cell migration in the experimental group was 
significantly inhibited compared to that in the control 
group (42). In a study by Wang et al., low-frequency 
US irradiation slightly decreased the migration of 
pancreatic cancer cells (40). When cells have stem 
cell-like features, they were considered to be the main 
cause of metastasis and drug resistance (43). Yang et al. 
found that low-intensity US suppressed the migration 
of ovarian cancer stem cells by inducing morphological 
changes, F-actin formation, and increasing membrane 
stiffness (44). These findings indicate that under 
appropriate conditions, low-frequency US irradiation 
will not damage the skin of the experimental subject or 
even the patient, its effect on cancer cells and normal 
cells differs significantly, and it inhibits the metastasis 
of cancer cells to a certain degree.
 There were several limitations in this study. First, 
this study was based on a single type of breast cancer 
cell, whereas there are multiple types of breast cancer 
cells in clinical practice. More experiments need to be 
designed to verify whether low-frequency US combined 
with MBs will still work on the other types of breast 
cancer. Second, this study did not explore underlying 
mechanisms. The continued exploration of cavitation, 
its molecular mechanisms, and the dose-response 
relationship between US parameters and anticancer 
efficiency need to be further studied. Third, this study 
only noted an inhibitory effect of low-frequency US 
irradiation on breast cancer cells, but the treatment 
failed to completely destroy cancer cells, so whether it 
can be used alone in clinical settings or how it can be 
combined with other treatments, such as chemotherapy 
and radiotherapy, needs to be verified further.
 In conclusion, the results of this study indicated that 
combining low-frequency US with MBs can suppress 
tumor growth by inducing apoptosis and blocking the 
blood supply. The optimization of low-frequency US 
treatment should enable it to be an essential tool in the 
treatment of breast cancer.
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