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Background: Ultrasound-targeted microbubble destruction (UTMD) has been shown to be

a promising noninvasive technique to change the tumor circulation, thus providing a poten-

tial method to increase reactive oxygen species (ROS) levels in tumors by inducing tumor

tissue ischemia-reperfusion (IR). In this study, we investigated the feasibility of local tumor

IR through UTMD to enhance the anti-tumor efficacy of doxorubicin (DOX) chemotherapy.

Methods: UTMD was used to induce local tumor IR. After the major blood supply of the

tumor was restored, DOX was intravenously injected into the tumor-bearing mice. The

superoxide dismutase (SOD) and catalase (CAT) activity and ROS levels were examined,

and the anti-tumor efficacy was evaluated.

Results: UTMD blocked the circulation to the tumor for 30 mins. Slow reperfusion began to

occur after 30 mins, and major blood supply was restored after 1 hr. The blood perfusion of

the tumor completely recovered at 2 hrs. The activity of SOD in the tumors was significantly

decreased at 2 hrs and 1 day after IR treatment with or without DOX treatment. The CAT

activity showed no obvious changes at 2 hrs after IR treatment, whereas a significant

decrease was found after 1 day in both the IR and DOX/IR groups. Moreover, higher levels

of ROS were produced in the IR group and IR/DOX group. In vivo anti-tumor study

indicated that the local tumor IR strategy may significantly enhance the anti-tumor efficacy

of DOX chemotherapy.

Conclusion: UTMD provides a novel, simple and non-invasive technique for tumor IR. In

combination with chemotherapy, UTMD may have high great potential to improve the anti-

tumor efficacy of chemotherapeutic drugs.

Keywords: ischemia-reperfusion, ultrasound targeted microbubble destruction, breast tumor,

doxorubicin, combined treatment

Introduction
Combined therapy using two chemotherapeutic drugs or combining a drug che-

motherapy with other treatment modalities, such as hyperthermia, photodynamic

therapy, surgical operation, or radiotherapy, has become a commonly used clinical

program to struggle against tumors.1,2 Deep understanding of their mechanisms of

combined therapy is essential for better antitumor efficacy. Doxorubicin (DOX) is a

first-line chemotherapeutic drug for breast cancer treatment, but its antitumor

efficacy is strongly affected by the levels of reactive oxygen species (ROS) in
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tumors.3 Elevated ROS levels not only may contribute to

the development of cancers but also may make cancer

cells more susceptible to damage induced by exogenous

agents causing oxidative stress. On the other side, DOX

can also enhance ROS production in cancer cells, thus

resulting in oxidative stress-induced cell death.4,5 To

date, few studies have attempted to enhance the antitumor

efficacy of chemotherapy agents, especially DOX, through

increasing ROS production in tumors.

In recent years, many novel therapeutic strategies have

been developed to improve cytotoxic ROS levels and prefer-

entially kill cancer cells, such as the utilization of agents that

can directly generate ROS or that can alternatively inhibit

antioxidant enzyme systems.6–9 More recently, ischemia-

reperfusion (IR) of tumor tissue has been recognized as a

promising way to induce oxidative stress. Reintroduction of

oxygen to a tumor after ischemia often causes a marked

increase in ROS, which can cause tumor apoptosis and

necrosis.10 The typical methods for IR are invasive and com-

plicated procedure has to be performed. Therefore, it is desir-

able to develop a novel non-invasive tumor IR technique and

to explore its application potential in combined chemotherapy.

Ultrasound (US) is widely used for disease diagnosis in

the clinical settings, owing to its safety, ease of manipulation

and low cost. Microbubbles (MBs) not only can be used as

ultrasound contrast agents to monitor the tumor blood supply

but also can enhance the cavitation effect of US inducing the

reversible vascular effect.11 Usually, US is used to locally

deliver drugs, genes and adjuvants through ultrasound-tar-

geted microbubble destruction (UTMD) technology.12–16

Microbubble cavitation induced by therapeutic deliver facil-

itates the permeabilization of surrounding capillaries and cell

membranes, thus improving cell uptake or enhanced trans-

fection efficiency.17 Numerous studies have demonstrated

the effectiveness of UTMD in drug delivery in a number of

studies. Recently, UTMD has also been demonstrated to be

useful for altering the perfusion of target tissues, including

temporary or permanent blockage, or improving local

perfusion.18,19 In this present study, we investigated whether

UTMD might be used to generate a model of local IR in

breast tumor, and we evaluated the antitumor efficacy of IR

in combination with DOX chemotherapy.

Materials And Methods
Materials
The 1,2-distearoyl-sn-glycero-3-phosphatidylcholine (DSPC)

and f1,2-distearoylsn-glycero-3-phosphoethanolamine-N-[me

thoxy(polyethyleneglycol)-2000 (DSPE-PEG2000) were pur-

chased from Avanti Polar Lipids Inc (Alabaster, AL, USA).

The LG “PRO SERIES”Ultrasound Unit was purchased from

the LGMedSupply company (Cherry Hill, NJ, USA). DOX

was obtained from Sigma-Aldrich (St. Louis, MO, USA). The

in-situ Cell Death Detection Kit was obtained from Roche

(Mannheim, Germany). CAT, SOD and ROS Kits were pur-

chased from Jiancheng Biotechnology (Nanjing, China). The

murine breast cancer 4T1 cell line was purchased from the

American Type Culture Collection (Manassas, VA, USA). All

other reagents were of analytical grade.

Microbubbles
MBs with a lipid-shell and perfluoropropane (C3F8; Flura,

Newport, TN, USA) gas core were prepared as previously

described.20 Briefly, DSPC:DSPE-PEG2000 (molar ratios

= 9:1) were mixed in chloroform. Then, the solvent was

removed under nitrogen flow, and this was followed by

vacuum treatment at room temperature to obtain a dried

phospholipid film. After the dried phospholipid film was

hydrated at 60°C with phosphate-buffered saline (PBS),

the admixture was transferred into vials (1 mL per vial).

C3F8 was added after the air was pumped out of the vials.

Vial containing C3F8 and phospholipid admixture was

mechanically vibrated for 30 s producing MBs.

Animal Models
Female BALB/c mice weighing approximately 20 g (6–8

weeks old) were obtained from Guangdong Medical

Experimental Animal Center (Guangzhou, China).

Animals received care in accordance with the Guidance

Suggestions for the Care and Use of Laboratory Animals.

All procedures were reviewed and approved by the ethics

committee of the Southern Medical University, Chinese

Academy of Sciences. To generate the breast tumor model,

we subcutaneously injected 1×105 4T1 cells suspended in

50 μL PBS into the right flank region of the mice.

Tumor IR Models
In this study, UTMD was used to alter the local perfusion of

tumors. US irradiation was begun immediately after MBs

(1.25×108 bubbles/kg) were injected into the tail vein.

Briefly, the tumor-bearing mice were irradiated with US at

the tumor region for 5 mins after MBs were injected. The

irradiation parameters were as follows: frequency 1 MHz,

wave form pulsed, pulse repetition frequency 100 Hz, duty

cycle 50%. To evaluate the blood perfusion of the tumor

before and after UTMD, we performed in vivo US imaging
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experiments. Briefly, after a bolus injection of 0.01 mL

MBs, contrast-enhanced ultrasound (CEUS) was performed

at the expected time points with a Vevo 2100 Imaging

System (Visual Sonics, Canada).

Treatment Protocols
When the tumor volume reached approximately 100 mm3,

the tumor-bearing mice were randomly divided into four

groups: a control group (treated with PBS), DOX group

(treated with free DOX), IR group (IR induced by

UTMD), and IR/DOX group (treated with DOX 1 hr

after UTMD). The DOX dose was kept at 5 mg DOX

per kg body weight within a final volume of 100 µL

injected through the tail vein. For IR and IR/DOX groups,

tumors were irradiated with US as previously described.

Activity Of Superoxide Dismutase (SOD)
A total of 24 tumor-bearing mice were randomly divided

into four groups (6 mice/group), each receiving one treat-

ment. To determine the effect of IR on ROS quenching

enzymes in tumors, 3 mice of each group were sacrificed,

respectively, at 1 hr and at 1 day after treatment, and the

concentrations of SOD in tumors were detected with the

SOD kit according to the manufacturer’s instructions. In

brief, oxygen produced by xanthine and xanthine oxidase

forms a complex with 2-(4-iodophenyl)-3-(4-nitrophenol)-

5-phenyltetrazolium chloride, which has a maximum

absorbance at 550 nm. SOD activity was determined by

the degree of reaction inhibition. The samples were 10 μL
of 1% w/v tissues homogenate and the control samples

were 10 μL of distilled water.

Activity Of Catalase (CAT)
The CAT concentration was detected at the same time

point at which the SOD assay was performed. All experi-

mental procedures followed the instructions of the manu-

facturer. In this method, CAT breaks down hydrogen

peroxide into water and oxygen, in a manner controlled

by ammonium molybdate inhibition. The residual hydro-

gen peroxide reacts with ammonium molybdate and forms

a complex. Briefly, the control samples (5 μL of distilled

water) and experimental samples (5 μL of 10% w/v tissue

homogenate) were mixed with the supplied reagents, and

absorbance changes at 405 nm OD were determined.

ROS Formation
ROS in tumor tissue were estimated according to the kit’s

instructions. Tumor samples were homogenized in ice-cold

tissue culture medium. Then, samples of single cell sus-

pension were mixed with 2,7-dichlorofluorescein diacetate

(DCFH-DA). The mixture was incubated for 30 mins at

37°C. Finally, the fluorescence intensity of the samples

was assessed by flow cytometry (λexcitation=485 nm and

λemission=525 nm).

In Vivo Anti-Tumor Evaluation
All tumor-bearing mice in the different groups (6 mice/

group) received two treatments at 4-day intervals. At the

end of the experimental period, all mice were sacrificed,

and tumors were harvested and weighed. Throughout the

experiment, tumor volumes were measured every other day.

Histological Analysis
Tumor-bearing mice were sacrificed 1 week after the last

treatment by standard decapitation and the tumors and

major organs (heart, liver, spleen, lung and kidney) were

harvested, fixed with formalin and embedded in paraffin.

Sections (5-μm) were cut with a paraffin slicing machine

and stained with hematoxylin and eosin (H&E) dyes.

Tumor apoptosis was also assessed by TUNEL assays

which was carried out with an in-situ Cell Death

Detection Kit according to the manufacturer’s instructions.

The ratio of cells staining positive for TUNEL in each

image was determined as the ratio of the apoptotic cell

number to total tumor cell number.

Statistical Analysis
Statistical analysis was carried out in SPSS software (ver-

sion 19.0 for Windows; SPSS, Chicago, IL, USA). All

values shown are in mean ± SD unless otherwise indi-

cated. One-way ANOVA was used for data analysis. The

differences were considered significant at P < 0.05, and to

be very significant at P < 0.01.

Results
Tumor IR Models
To confirm whether the tumor IR could be achieved by US

irradiation, we used CEUS to image the circulation of

tumor. Figure 1A and B shows the CEUS images of the

circulation of tumor before and after MBs injection，indi-

cating that the tumor tissue had abundant blood supply.

Immediately after the US irradiation (0 min point), the

tumor contrast perfusion completely disappeared, and a

significant perfusion defect was formed covering the tar-

geted tumor, thus confirming that the US signals occurred
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at the areas enhanced with MBs (Figure 1C). After 30

mins, a small amount of perfusion recovery was observed

in the tumors (Figure 1D), whereas a large amount of

recovery occurred at 1 hr (Figure 1E). After 2 hrs, the

blood perfusion of tumor was completely recovered

(Figure 1F). These results indicated that CEUS can be

used to image the tumor blood perfusion and IR in the

tumor can be achieved through UTMD.

Activity Of SOD
According to the above perfusion results, the experimental

group was injected with DOX at 1 hr after UTMD.

Figure 2A and B shows that the activity of SOD in the control

groupwas higher than that in the other groups at 1 hrs and 1 day

after treatment. There was a slight decrease in SOD activity in

DOX group at both time points, but no significant differences

were observed. Interestingly, comparedwith the control group,

the IR group and DOX+IR group showed significantly lower

SOD activity at 1 hr after treatment (Figure 2A, P<0.05 and

P<0.001, respectively). A further decrease in SODactivitywas

observed in both groups on 1 day after treatment.

Activity Of CAT
Similar results were found in the activity of CAT, another

marker indicating ROS levels. The CAT activity in the DOX

group was not significantly different from that in the control

group at 1 hr and 1 day after treatment (Figure 3A and B).

There were no significant differences between the IR group

and DOX+IR group (Figure 3A) at 1 hr after treatment. In

contrast, the IR group and DOX+IR group showed signifi-

cantly lower CAT activity than the control group at 1 day

after treatment (Figure 3B, P<0.001).

Production Of ROS
Tumor ROS levels in the control group were the lowest

among the four groups at 1 hr and 1 day after treatment,

and no significant differences were found between the

control group and the DOX group (Figure 4A and B).

After IR treatment, the ROS levels in the IR group and

IR/DOX group showed significant increases. Moreover,

the ROS levels in both groups increased over time within

1 day. Among the four groups, ROS formation in the

combined treatment group (IR/DOX group) was signifi-

cantly higher than that in the single treatment groups (IR

group and DOX group) and the control group.

In Vivo Anti-Tumor Efficacy
The in vivo anti-tumor efficacy was further evaluated with

the 4T1 subcutaneous tumor model. The IR group, compared

with the control group, did not exhibit obvious tumor

a b c

d e f

Figure 1 CEUS images of the tumor perfusion treated by US irradiation. (A, B) The CEUS images of a tumor before and after MBs injection. (C–F) After UTMD, a

significant tumor perfusion defect occurred at 0 min (C), and a slow perfusion recovery occurred after 30 mins (D) to 1 hr (E). Full reperfusion was observed at 2 hrs (F).
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inhibition effect (Figure 5A). Moreover, the mice receiving

DOX and DOX+IR, in comparison with the control treat-

ment, showed significant tumor growth inhibition, eventually

reaching a tumor volume of approximately 433.08

± 69.47 mm3 and 262.00 ± 54.44 mm3, respectively, at 15

days (P < 0.05). Notably, the group receiving DOX+IR

treatment showed the stronger tumor growth inhibition than

the other three groups. The results for tumor weight were

similar to those for tumor volume (Figure 5B).

Histological Analysis
Next, histological analysis was performed with H&E and

TUNEL staining. Significant tumor necrosis with severe

structural damage was observed in the tumors receiving

DOX+IR (Figure 6A). In comparison, tumors receiving no

treatment or IR only showed only little necrosis, and tumors

receiving DOX showed a small amount of necrotic cells, thus

further demonstrating the treatment efficacy of DOX+IR. To

further validate the tumor cell apoptosis, we analyzed the

A B

** **

Figure 3 The activity of CAT in tumors after different treatments. The changes in CATactivity in tumors at 1 hrs after treatment (A). The changes in CATactivity in tumors

on 1 day (B) after different treatments. Data represented mean ± SD (n=3). Compared with controls: **P < 0.01.

A B

* **

** **

Figure 2 The activity of SOD in tumors after different treatments. The changes in SOD activity in tumors at 1 hr after treatment (A). The changes in SOD activity in tumors

at 1 day (B) after different treatments. Data represented mean ± SD (n=3). Compared with controls: *P < 0.05, **P < 0.01.
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A B
**

*

*

*
*

Figure 5 The in vivo anti-tumor efficacy. (A) The tumor growth curves during 15 days after treatment. (B) The weights of tumors removed from mice after 15 days of

treatment. Data represented mean ± SD (n=6). Compared with controls: *P < 0.05, **P < 0.01.

B

**

**

A

*

**

Figure 4 The production of ROS in tumors after different treatments. The fluorescence intensity of ROS in tumors at 1 hr after treatment (A). The fluorescence intensity of

ROS in tumors on 1 day (B) after different treatments. Data represented mean ± SD (n=3). Compared with controls: *P < 0.05, **P < 0.01.

IR/DoxControl

H
&
E

TU
N
EL

Dox IR BA

*

**

Figure 6 Histological analysis of tumors after different formulations. (A) H&E and TUNEL staining of tumors from mice after treatment with PBS, DOX, IR and IR/DOX

(scale bar, 50 μm). (B) Relative rate of TUNEL staining for the different treatment groups. Data represented mean ± SD. Compared with controls: *P < 0.05, **P < 0.01.
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tumor sectionswith a TUNEL detection kit. The relative ratio

of TUNEL staining indicated that the DOX group had

obvious advantages over the control group in promoting

apoptosis of cancer cells (P < 0.05). A significant difference

was observed relative to the IR+DOX group (P < 0.001),

indicating that IR+DOX was more effective in inducing

apoptosis. The above results further confirmed the presence

of more apoptotic tumor cells within the tumors treated with

IR+DOX (Figure 6A and B).

Discussion
US is an important tool in disease diagnosis since it has

many characteristics, such as convenience, safety and real-

time imaging capability. In recent decades, studies have

increasingly focused on the potential role of US in the field

of disease treatment, especially in cancer treatment. At

present, UTMD is widely used to locally deliver drugs,

genes and therapeutic cells.21–24 More recently, many stu-

dies have found that UTMD can change the circulation of

the US irradiation region.18,19 In this study, we used the

UTMD technique to induce local IR of the tumors, taking

advantages of the effects of US irradiation on the blood

supply in the irradiated area. The blood circulation in

breast tumors was nearly blocked off at the beginning of

UTMD, and this phenomenon lasted about 30 mins

(Figure 1). After 1 hr, the circulation of tumor was mark-

edly restored, especially for these larger blood vessels, and

the circulation was fully restored at 2 hrs after UTMD

treatment. These results may be attributed to UTMD

increasing tumor vascular permeability, mild vascular

injury and cell edema, thereby achieving temporary block-

ade of the tumor blood supply.25 According to our experi-

mental results, we found that the circulation blocking

effect lasted about 1 hr, indicating UTMD can be used as

a noninvasive and repeated method to achieve a tumor IR

model.

ROS are usually regarded as injurious factors in the

development of disease, and their role in anticancer effects

has received increasing attention in recent years.26–29 In

our present study, US-induced tumor IR model was used to

compare the effects of IR on ROS quenching enzymes in

breast tumor tissues. Our data showed that the SOD activ-

ity of tumor tissues was significantly decreased at 1 hr and

kept at a decreased level at 1 day in the IR and IR/DOX

groups compared with the control group (Figure 2). The

use of antioxidants such as SOD has been found to

decrease the efficacy of anti-tumor therapies by enabling

cancer cells with frequent mitochondrial DNA mutations

to resist against oxidative stress, host anti-cancer surveil-

lance, or chemotherapeutic agents.30–32 The use of con-

trolled IR triggered apoptosis of cancer cells has been

reported previously for malignancies,33 moreover, here

we showed, that breast tumors are sensitive to apoptosis

triggered by IR plus DOX. No significant differences were

observed in CAT activity among the four groups at 1 hr,

but the CAT activity in the IR and IR/DOX group signifi-

cantly decreased at 1 day (Figure 3). CAT protects tumor

cells against intercellular ROS signaling-controlled induc-

tion of apoptosis, but methods that can decrease or even

inactivate CAT activity would promote intracellular ROS-

mediated apoptosis.34 In our study, the expression of CAT

activity in IR tumor tissue is decreased. Thus, malignant

cells produced superoxide anions that drove apoptotic

signaling with high selectivity for malignant cells. In addi-

tion, ROS levels as a direct indicator of oxidative stress

were significantly increased in the IR and IR/DOX group

comparing with control group, and the upward trends

continued in both groups, in contrast to the changes of

SOD and CAT activity (Figure 4).

Since UTMD induced IR can improve ROS levels in

tumor regions, and the tumor-killing effect of DOX is

largely affected by the levels of ROS in tumors, the anti-

tumor efficacy of the combination treatment was investi-

gated in this study. Our data from the in vivo anti-tumor

experiments clearly showed that IR plus DOX resulted in

more significant tumor growth inhibition than IR or DOX,

indicating that the combination of the two methods can

enhance the efficacy of tumor killing (Figure 5). The

enhanced anti-tumor effect was confirmed by histological

analysis, revealing increased apoptosis in tumor xenografts

in the mice treated with IR/DOX (Figure 6). From the

above results, we suggest that the improved anti-tumor

efficacy of the IR/DOX treatment may be associated with

the decrease of SOD and CAT activity and the increase in

ROS levels. On the one hand, when the tumor tissue is

subjected to IR, many ROS are locally generated. On the

other hand, many previous studies have demonstrated that

the major mechanism of DOX-induced apoptosis is asso-

ciated with excessive generation of intracellular ROS.35,36

Therefore, these two methods can result in local high ROS

concentrations and induce the apoptosis of tumor cells.

Conclusion
In this work, UTMD has temporarily blocked the perfusion

of tumor tissue for approximately 1 hr. When IR happened,

significantly decreased levels of both SOD and CAT activity
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and increased levels of ROS were achieved, suggesting that

UTMD induced IR participated in the generation of ROS,

which in turn had an important role in the enhanced anti-

tumor effect of DOX. Thus, our findings demonstrated that

UTMD may be a novel, simple and non-invasive technique

for IR of tumors, and its combination with chemotherapy

may greatly improve anti-tumor efficacy.
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