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rapy induces oxidative stress,
DNA damage and apoptosis in glioma cells

Yue Sun, Haiping Wang, Kun Zhang, Jingfei Liu, Pan Wang, Xiaobing Wang
and Quanhong Liu *

Malignant glioma remains one of the most challenging diseases to treat because of the invasive growth of

glioma cells and the existence of the blood–brain barrier (BBB), which blocks drug delivery to the brain. New

strategies are urgently needed to overcome these shortcomings and improve the outcomes. Ultrasound

represents a promising noninvasive and reversible BBB opening approach and the related sonodynamic

therapy (SDT) is rapidly emerging. This study aims to explore the ultrasound parameters for BBB opening

and the cell killing effect of SDT in human glioma U373 cells by using a recently reported sonosensitizer,

sinoporphyrin sodium (DVDMS). The in vitro BBB model indicated that SDT caused a time-dependent

permeability increase, which peaked at 2 h post treatment and then recovered gradually. The results of

toxicology tests showed significant U373 cell viability loss and apoptosis increase after DVDMS-SDT,

accompanied by enhanced cleaved-caspase-3 level and DNA fragmentation, in which reactive oxygen

species (ROS) were a major triggering intermediate during DVDMS-SDT. Furthermore, DVDMS-SDT

produced DNA damage and the underlying mechanisms were evaluated, in order to provide

a fundamental basis for DVDMS-SDT application in glioma therapy. The findings indicated that the DNA

molecules could be temporarily regulated by SDT and DNA double-strand breaks (DSBs), which

increased the difficulty of cellular self-repair, thus aggravating cell apoptosis and inhibiting glioma cell

invasive growth. Therefore, this study supports the use of SDT as an alternative approach for glioma therapy.
1. Introduction

Malignant glioma, themost aggressive brain cancer, is generally
recalcitrant to current chemotherapeutic and radiotherapeutic
treatment. The primary predicament is that the blood–brain
barrier (BBB) has a strict selectivity against foreign substances,
which prevents over 98% of small molecule drugs and almost
100% of macromolecular drugs from penetrating into the
brain.1,2 Therefore, disruption of BBB without any damage to
normal brain tissues is very challenging in glioma treatment.
Ultrasound refers to a mechanical wave form which can prop-
agate through deep tissue and can focus its energy into a small
volume to increase vessel/tissue/cell permeability.3 Opening the
BBB by using ultrasound has recently attracted many
researchers' attention, because this process is reversible and
nondestructive, minimizing damage to surrounding normal
brain tissues.4–6 Leinenga et al. have reported that scanning
ultrasound can transiently open the BBB in order to remove
amyloid-b peptide and restore the memory of a mouse model of
Alzheimer's disease.7 Landhuis proposed the technique of
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transcranial ultrasound modulation, which has brought new
hope to the treatment of many brain diseases.8

It is worth mentioning that opening the BBB with ultrasound
also enables a new strategy for glioma treatment. The combi-
nation of ultrasound and a sonosensitizer, called sonodynamic
therapy (SDT), may combine the distinct merits of ultrasound
and nontoxic sonosensitizers, providing a non-invasive,
repeatable, effective and targeted approach for glioma
therapy. It has been reported that low frequency ultrasound has
a strong penetrability through the animal skull and can focus
into a small volume of the brain, localizing at the precise
position of a tumor.9–11 Ohmura et al. have investigated the
tumor destruction and growth inhibition using ultrasound
combined with a traditional endogenous sensitizer, 5-ALA, in
rat C6 gliomas.12 Dai et al. reported that the sensitizer HMME
(hematoporphyrinmonomethyl ether) facilitated obvious sono-
dynamic effects on C6 glioma cells.13 Xu's study suggested that
glioma stem-like cells could be damaged by using Photofrin-
mediated SDT, in which reactive oxygen species (ROS) genera-
tion triggered cell apoptosis under ultrasound irradiation.14

Although these studies suggest sonodynamic therapy has
a great potential for glioma treatment through an undened
mechanism, more realistic trials of sonosensitizers and human
glioma models should be conducted, and concurrently the
parameters for reversible BBB opening using ultrasound and
RSC Adv., 2018, 8, 36245–36256 | 36245
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Fig. 1 Molecular structure of DVDMS (sinoporphyrin sodium).
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themechanistic basis of the glioma killing effects of SDT should
be explored.

We previously reported that the sensitizer sinoporphyrin
sodium (also called DVDMS, Fig. 1) elicited more efficient
sonodynamic efficacy than HMME, Photofrin and protopor-
phyrin IX.15,16 The efficacy of combined SDT varies depending
on the sensitizer properties, ultrasound parameters, cell type
features and so on. In this study, we aimed to investigate
DVDMS-mediated SDT (DVDMS-SDT) in the human glioma
U373 cell line, which represents the highly invasive, apoptosis-
resistant (P53 mutation), abnormal DNA-repair properties of
clinical malignant glioma.17,18 Inspired by the possibility of
DVDMS-SDT in glioma, we optimized the reversible BBB
opening parameters by establishing an in vitro BBB model and
compared the cellular response to sonodynamic stimulus
between malignant cells and normal cells. More importantly,
we focused on the structural and functional DNA damage of
glioma cells aer DVDMS-SDT treatment.

DNA, as a crucial genetic substance, determines cell
proliferation, migration, and all the important activities of cell
life. In cancer therapy, several approaches have been devel-
oped to target DNA molecules to induce DNA damage and
tumor cell apoptosis. DNA damage includes single-strand
break, double-strand break (DSB), tautomeric shi, base-
transitions and so on. DSB is probably the most severe type
of DNA damage, and can cause irreversible effects.19–21 Wiec-
zorek reported that DSBs could activate checkpoint kinases
such as ATM and CHK2, which then trigger cell apoptosis.22 As
is widely known, ROS are generally formed during SDT and
closely interact with cellular components.23–25 Excessive
amounts of ROS will initiate oxidative stress in many cellular
biomacromolecules, which then culminates in subcellular
organelle dysfunction and cell death.26 Dizdaroglu et al. re-
ported that DNA base modications could be induced by ROS,
especially $OH.27 ROS-induced DNA damage can occur
through oxidative modication of DNA bases or by sponta-
neous hydrolysis of nucleosides. Oxidative damage of DNA
includes base damage, single- or double-strand break and
other serious disruptions.28 Therefore, SDT-triggered excessive
ROS may closely interact with cellular DNAmolecules via some
undened mechanism, and the induced DNA damage level
36246 | RSC Adv., 2018, 8, 36245–36256
and cell fate would be determined by the SDT doses. However,
what types of DNA damage would be induced by SDT, and
whether it could be inuenced by the specic sensitizer, have
not been established. Here we show that the mechanisms of
oxidative stress, DSB-derived DNA damage, and apoptotic
response occur as a result of DVDMS-SDT in U373 cells, and
these effects synergistically enhance each other. These nd-
ings will provide a foundation for SDT application in glioma
therapy.

2. Materials and methods
2.1. Reagents

DVDMS (Fig. 1) was obtained as previously described.16 It was
dissolved in a physiological saline solution to a nal storage
concentration of 1 mM and was stored in the dark at �20 �C.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), Hoechst 33258, propidium iodide (PI), ethidium bromide
(EB), uorescein sodium and calf thymus DNA were purchased
from Sigma Chemical Company (St. Louis, MO, USA). Anti-
GAPDH monoclonal antibody was supplied by EarthOx Inc.
(San Francisco, CA, USA). N-Acetylcysteine (NAC) and 20,70-
dichlorodihydrouorescein-diacetate (DCFH-DA) were pursed
from Invitrogen (Carlsbad, CA, USA). Caspase-3 antibody and
phosphorylation histone family 2A variant (gH2A.X) were
acquired from Cell Signaling Technology Inc. (Beverly, MA, USA).
An Annexin V-PI Apoptosis Detection Kit was obtained from
Keygen Technology Co., Ltd. (Nanjing, China). All other reagents
were commercial products of analytical grade.

2.2. Cell culture

Human glioma U373 cells andmurine broblastic NIH 3T3 cells
were obtained from the cell bank of the Chinese Academy of
Science, Shanghai, China. Cells were cultured in Dulbecco's
modied Eagle's medium (DMEM) (Life Technologies) supple-
mented with 10% (v/v) fetal bovine serum (FBS), 100 U mL�1

penicillin–streptomycin solution and 1mM L-glutamine at 37 �C
in a humidied atmosphere with 5% CO2.

2.3. Ultrasound setup and SDT protocol

The ultrasound exposure system used in this experiment con-
sisted of a power amplier (AG1020, T&C Power Conversion
Inc., USA) and a planar transducer with frequency of 1.0 MHz
(ndtXducer®, Northborough, MA, USA). The ultrasound inten-
sity was calibrated before it was displayed on the screen of the
power amplier. The transducer was submerged in an acrylic
tank lled with distilled degassed water. An intensity of 0.45 W
cm�2 and duration of 1 min were used for ultrasound exposure.
Human glioma cancer U373 cells were cultured on a 35 mm
culture dish at a density of 2 � 105 cells per mL. Aer reaching
around 70% conuence, the cells were divided randomly into
four groups: (i) control (no treatment), (ii) DVDMS, (iii) ultra-
sound (Us), (iv) DVDMS plus ultrasound (SDT), each group
having three repetitions. For the DVDMS and SDT groups, cells
were incubated with 2 mMDVDMS over a 24 h drug-loading time
in culture medium. Cells in the Us and SDT groups were
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07099g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 4
:3

9:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
exposed to continuous-wave ultrasound at a frequency of 1.0
MHz and an intensity of 0.45 W cm�2 for 1 min. For the
inhibitory assays, the general ROS scavenger NAC (5 mM) was
added to the culture medium 1 h prior to loading DVDMS.
2.4. BBB model in vitro

To determine the ultrasound-mediated disruption of the BBB,
the in vitro BBB model was established using a murine brain
microvascular endothelial (bEnd.3) cell monolayer in a trans-
well.29–31 In brief, as shown in Fig. 2A, 1 � 105 bEnd.3 cells
were seeded onto the upper chamber of the transwell in 24-
well plates, in a medium that also contained FBS, and cultured
for 5 days. Then, the permeability change of the BBB model in
vitro was analyzed by a uorescein sodium leakage test. 1 mg
mL�1

uorescein sodium was added to the upper chamber,
then exposed to 0.45 W cm�2 ultrasonic irradiation for 1 min.
The uorescence intensity of the medium in the lower
chamber at different time points was analyzed by a uores-
cence photometer.
2.5. Cytotoxicity assay

Cytotoxicity was evaluated with the conventional MTT reduc-
tion assay at 4 h and 24 h aer different treatments in U373
cells and NIH 3T3 cells. The cell viability was determined by
adding 10 mL MTT solution (5 mg mL�1 in PBS) to each sample
(100 mL) in 96-well plates, followed by incubation at 37 �C for
4 h in a 5% CO2 incubator. Then, we added dimethyl sulfoxide
(DMSO, Sigma) to dissolve formazan crystals and the absor-
bance (OD value) at 570 nm was recorded by using a micro-
plate reader (ELX800, Bio-Tek, USA). Cell survival was
calculated using the following equation:

Cell survival (%) ¼ OD treatment group/

OD control group � 100%.
Fig. 2 The model for studying the BBB in vitro. (A) Schematic illustrati
treatment with 0.45 W cm�2.

This journal is © The Royal Society of Chemistry 2018
2.6. Morphologic study

Cells were seeded on a coverslip for 24 h, and then incubated
with 2 mM DVDMS at 37 �C for 24 h prior to ultrasound treat-
ment. Aer ultrasound treatment at a frequency of 1.0 MHz and
an intensity of 0.45 W cm�2 for 1 min, the changes of cell
morphology were observed using a light microscope (Axio
Imager A2, Zeiss, Germany).
2.7. Determination of intracellular ROS

Intracellular ROS generation was measured by using DCFH-DA
as previously described.32 Briey, to detect the intracellular ROS
production, at 24 h aer different treatments, cells were incu-
bated with 10 mM DCFH-DA solution at 37 �C for 30 min, then
washed with PBS and immediately analyzed by ow cytometry
(NovoCyte, ACEA Biosciences Inc., USA). Data were analyzed
using De Novo Soware (De Novo Soware, Los Angeles, CA,
USA).
2.8. Analysis of cell membrane integrity

The membrane-impermeable dye PI was used to stain cell
nuclei. PI enters dead cells because the cell membranes become
permeable. PI is widely used in cell death detection to evaluate
the integrity of the plasma membrane. Different groups of cells
were treated as per the protocol described above, then
measured by ow cytometry aer co-incubation with 5 mg mL�1

PI for 5 min.
2.9. Assessment of DNA fragmentation

The DNA fragmentation was evaluated by ow uorocytometric
detection of DNA hypoploidy aer adding PI and per-
meabilization using freeze-thawing.33 At 24 h post-treatment,
U373 cells and NIH 3T3 cells were mixed with 200 mL PI solu-
tion (5 mg mL�1). The tubes were immediately placed in liquid
nitrogen for 30 s and thawed at 37 �C for 5 min. Then, samples
were analyzed using ow cytometry. Histograms were analyzed
using De Novo Soware.
on of BBB model. (B) The changes of BBB permeability after ultrasonic

RSC Adv., 2018, 8, 36245–36256 | 36247
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2.10. Fluorescence microscopy for nuclear morphological
detection

Hoechst 33258 is a commercially available uorescent probe
that binds with DNA and reects the nuclear morphology. The
nuclei of dead cells can also be simultaneously stained with PI.
Aer different treatments, cells were stained with Hoechst
332585 and PI for 15 min at 37 �C and imaged under a uores-
cence microscope.
2.11. Analysis of cell apoptosis

Cell apoptosis was determined at 24 h post treatment through
Annexin V-FITC/PI double staining. Briey, 100 mL of sample
was mixed with 100 mL binding buffer containing Annexin V-
FITC and PI. Aer incubation at room temperature for
30 min, samples were analyzed by a ow cytometer.
2.12. Immunouorescence staining

Histone gH2A.X was employed as a marker to reect the DNA
double-stranded damage in this study. An immunouorescence
test was performed at 24 h aer different treatments. Cells were
xed with 4% paraformaldehyde for 15 min, followed by per-
meabilization with 0.1% Triton X-100 and blocking with 5%
BSA. Cells were incubated with gH2A.X antibody (1 : 800 dilu-
tion) at 4 �C overnight. Aer washing with PBS, samples were
incubated with the corresponding secondary antibodies at 37 �C
for 1 h, and images were recorded using a uorescence
microscope.
2.13. Single cell gel electrophoresis

DNA damage was measured by single cell gel electrophoresis
(comet electrophoresis). Briey, the samples were mixed with
0.75% low melting point agarose and poured into a microscope
slide quickly. Aer lysing for 30 min, the slides were placed in
an electrophoresis tank, allowing the DNA to unwind for 25 min
in alkaline solution. Electrophoresis was performed at 25 V (300
mA) for 25 min in the same alkaline solution at room temper-
ature. The samples were then neutralized and gradient eluted
using ethanol and stained with EB. The slides were observed by
a uorescence microscope. Data were analyzed with Comet
Assay Soware Project (CASP).
2.14. Western blotting

Western blotting was performed to analyze the expression levels
of apoptosis-related protein and gH2A.X. Briey, equal amounts
of proteins from different samples quantied with a BCA kit
were added to 10% SDS-polyacrylamide gel to separate distinct
molecular weights of proteins. The proteins on the gel were
then transferred to PVDF membrane, followed by blocking and
incubation with primary antibody (caspase-3, gH2A.X). Aer
reaction with the corresponding secondary antibodies, samples
were imaged using an Odyssey infrared imaging system (Li-Cor
Bioscience, Lincoln, USA).
36248 | RSC Adv., 2018, 8, 36245–36256
2.15. Assessment of DNA damage in cell-free system

DNA DSBs confer an increase of the characteristic absorption at
260 nm, which is called the hyperchromic effect and can be
utilized to evaluate the DNA damage level.34 Using an in vitro
cell-free system, ultraviolet spectrophotometry was applied to
test the DVDMS-induced calf thymus DNA damage with or
without the assistance of ultrasound exposure. 10 mM DVDMS
was added into 0.05 mg mL�1, 0.1 mg mL�1 and 0.2 mg mL�1 of
calf thymus DNA solution, then samples were detected by
ultraviolet spectrophotometry at 260 nm. Additionally, 0.1 mg
mL�1 DNA solution was mixed with 10 mMDVDMS and exposed
to ultrasound for 1 min, 2 min and 3 min, respectively. Simul-
taneously, samples without DVDMS were also used as refer-
ences to determine the absorption values aer different
ultrasound treatments.

In electrophoresis assay, samples in different groups were
loaded in 1% neutral agarose gel, and then electrophoresized at
150 V for 1.0 h in electrophoresis apparatus. The gel was stained
with a solution of 0.5 mg mL�1 EB for 30 min and visualized by
a gel image analysis system.

2.16. Statistical analysis

All data are expressed as mean � standard deviation (S.D.) of
three independent experiments. Differences between the treat-
ment groups were assessed with one-way analysis of variance
(ANOVA). A value of p < 0.05 was considered signicant.

3. Results
3.1. BBB model in vitro

The in vitro BBB model was utilized to investigate the cross-BBB
transportation at different times under ultrasonic irradiation of
0.45 W cm�2 (Fig. 2B). Ultrasound assisted the penetration of
uorescein sodium across the bEnd.3 monolayer, and the
evidence suggested that the greatest extent of BBB opening
occurred at 2 h post irradiation and gradually recovered soon
aerwards. This result indicates that the BBB can be tempo-
rarily and reversibly opened by ultrasound exposure at specic
conditions.

3.2. Cell damage induced by DVDMS-SDT

The results in Fig. 3A show that 2 mM DVDMS and ultrasound
alone did not produce obvious cytotoxicity, with cell viability of
about 95.03% and 89.93% at 4 h aer treatment, but the cell
survival rate decreased to 41.82% (p < 0.01) in the SDT group.
When the incubation time was prolonged to 24 h, the cell
viability was measured as 87.27%, 90.81% and 37.76% (p < 0.01)
in the 2 mM DVDMS alone, 0.45 W cm�2 ultrasound and SDT
group, respectively. We also investigated the viability of NIH 3T3
cells aer DVDMS-SDT treatment (2 mM DVDMS, 0.45 W cm�2

ultrasound). In contrast with tumor cells, no signicant
changes were observed in the viability of normal cells (Fig. 3C).
Based on this, it is speculated that DVDMS can selectively kill
tumor cells, which may be due to DVDMS' preferential accu-
mulation in tumor cells. Furthermore, microscopy observation
showed that the cells were normal fusiform shape in the control
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Cell damage triggered by DVDMS-SDT treatment. (A) Evaluation of cell viability by MTT assay. Error bars represent the S.D. from three
independent experiments. **p < 0.01 versus control. (B) Observation of cell morphology with light microscope after SDT treatment (the scale bar
is 100 mm). Control, without any treatment; DVDMS, 2 mM DVDMS alone; Ultrasound, 0.45 W cm�2 ultrasound for 1 min; SDT, 2 mM DVDMS
combined with 0.45 W cm�2 ultrasound for 1 min. (C) Detection of cell viability of NIH 3T3 cells by MTT assay at 24 h after different treatments.
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group, whereas the morphology of the U373 cells was seriously
disturbed aer DVDMS-SDT treatment, with a decrease of cell
numbers (Fig. 3B).
3.3. Integrity of cell membranes

PI staining combined with ow cytometry was used to deter-
mine cell membrane integrity. Fig. 4 shows that there were no
signicant changes observable by PI positive staining in the 2
mM DVDMS alone (6.80%) and control groups, and a slight
increase of cell membrane integrity in the ultrasound treatment
group (11.30%, p < 0.01). Compared with the other groups, the
SDT group exhibited a signicant increase of membrane
permeability (25.75%, p < 0.01).
3.4. Intracellular ROS generation

Quantitative measurements of intracellular ROS generation in
different samples were performed using ow cytometry
(Fig. 5A). The DVDMS alone group showed a minuscule ROS
increase, with 11.92% of U373 cells emitting high dichloro-
uorescein (DCF) uorescence. However, the intracellular ROS
Fig. 4 Effects of DVDMS on the cell membrane integrity of U373 cells. Af
cytometry. Error bars represent S.D. of the means from three independe

This journal is © The Royal Society of Chemistry 2018
generation of DVDMS was greatly enhanced upon ultrasound
exposure, representing up to four-fold increased potency
compared with no ultrasound trigger. The ROS production
caused by SDT reduced to 13.45% when cells were pre-
incubated with the free radical scavenger NAC. Moreover, as
shown in Fig. 5B, NAC pretreatment also rescued the cell
viability rate from 37.76% to 82.17% (p < 0.01) when ROS
generation was triggered by SDT. These results demonstrate
that ROS formation was a major factor for the SDT-induced cell
killing effect in vitro.
3.5. DNA damage caused by DVDMS-SDT

Hoechst 33258-PI double staining was used to detect the DNA
damage aer SDT treatment. As shown in Fig. 6A, the untreated
cells of the control group retained their normal nucleus
morphology with homogeneous blue staining. DVDMS alone
did not show any difference compared with the control. Ultra-
sound treatment slightly enhanced Hoechst 33258 staining, and
a few cells were stained with bright PI uorescence. In the
DVDMS-SDT group, the cell nuclei were more condensed and
ter different treatments, cells were stained with PI and analyzed by flow
nt experiments. **p < 0.01 versus untreated cells.

RSC Adv., 2018, 8, 36245–36256 | 36249
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Fig. 5 Intracellular ROS generation in U373 cells at 0.5 h post treatment. The cells were labeled with DCFH-DA and the mean fluorescence
intensity of the oxidized product DCF in cells was detected by flow cytometry (A). The changes of cell viability after NAC treatment was detected
by MTT assay (B). Error bars represent the S.D. from three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 versus control.
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emitted bright Hoechst 33258 uorescence andmost of the cells
were stained with PI, showing altered nucleus morphology,
apoptotic features and decreased cell numbers.

Following Hoechst 33258-PI observation, we also designed
a PI staining method with freeze-thawing to quantitatively
Fig. 6 Detection of nuclear damage and DNA fragmentation of differentl
integrity detected by PI/Hoechst staining using fluorescencemicroscopy
cells (B) and NIH 3T3 cells (C). Error bars represent the S.D. from three ind
versus SDT + NAC group.

36250 | RSC Adv., 2018, 8, 36245–36256
analyze DNA fragmentation. Fig. 6B shows that the level of DNA
fragmentation is 3.91% in the control group, no signicant
difference was measured in the DVDMS alone group (14.90%),
ultrasound alone increased the DNA fragmentation to 25.55%
(p < 0.05), whereas the most serious DNA damage was observed
y treated U373 cells. The apoptotic nuclear changes and cell membrane
(A) and the analysis of DNA fragmentation after stainingwith PI for U373
ependent experiments. **p < 0.01 versus control, **p < 0.01 SDT group

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Examination of DNA damage by comet assay in U373 cells. The DNA damage was evaluated by gel electrophoresis and analyzed by CASP
software, and the DNA tail length was calculated after different treatments. The data are represented asmeans� S.D (n¼ 3). *p < 0.05, **p < 0.01
and ***p < 0.001 versus the untreated control, ***p < 0.001 SDT group versus SDT + NAC group.
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in the SDT group with 44.88% DNA fragmentation (p < 0.01).
These results suggest that DNA damage was aggravated when
ultrasound was combined with DVDMS. With NIH 3T3 cells
serving as normal controls, the results in Fig. 6C indicate no
signicant changes were observed in the DNA damage of the
normal cells.

Comet assay is based on the fact that smaller DNA fragments
migrate faster in an electric eld, and the pattern of migration
produces a prole resembling the shape of a comet. The results
in Fig. 7 show that the untreated cells in the control maintained
the regular morphology of the nucleus. Meanwhile, minor DNA
damage was observed in some of the cells treated with 2 mM
DVDMS and ultrasound alone, with slight comet tailing. Cells in
the SDT group produced a large number of comet tails con-
sisting of low molecular weight DNA (p < 0.001).

To explore the ROS effect on DNA damage in SDT treatment,
cells in each group were pre-treated with NAC. As seen in Fig. 6B
and 7, U373 cells treated with NAC showed a prominent
decrease of DNA fragmentation in the ultrasound and SDT
groups (9.54% and 20.53%, respectively), and comet tailing was
obviously alleviated in the SDT + NAC group (p < 0.001), sug-
gesting that the elimination of ROS decreased the oxidative
damage of DNA induced by DVDMS-SDT.
3.6. DNA double-strand break triggered by DVDMS-SDT

The above data indicate that much severe DNA injury occurred
aer DVDMS-SDT treatment, but the specic types of DNA
damage remain unclear. Histone gH2A.X, the marker of DSB,
was detected by immunouorescence and western blot to
investigate the possible classes of DNA damage. As illustrated in
Fig. 8 and 9B, treatment with 2 mM DVDMS or 0.45 W cm�2
This journal is © The Royal Society of Chemistry 2018
ultrasound alone slightly increased the gH2A.X expression level
compared with the control. However, gH2A.X production was
particularly pronounced in the DVDMS-SDT group. Aer addi-
tion of NAC to scavenge ROS, the expression level of gH2A.X was
signicantly lower than that of the SDT group. These results
suggest that DVDMS-SDT induced DNA DSB in U373 cells via
ROS production.

3.7. Cell apoptosis induced by DVDMS-SDT

Cell apoptosis was determined through Annexin V-FITC/PI
double staining with ow cytometry and western blotting of
activated caspase-3. Fig. 9A shows the quantication of cell
apoptosis. The proportions of apoptotic cells in the DVDMS
alone, ultrasound and SDT groups were 11.94%, 20.39% and
52.00% (p < 0.01), respectively. Compared with the control
group (8.09%), SDT greatly enhanced the level of cell apoptosis
(p < 0.01). However, cell apoptosis decreased to 20.21% in the
SDT + NAC group, showing a signicant difference from the
SDT group (p < 0.01), which was consistent with the cell viability
assay. Moreover, procaspase-3 is usually activated and cleaved
in the apoptotic process. The expression level of cleaved-
caspase-3 in the DVDMS-SDT group was 2.8 times that of the
control (Fig. 9B), and NAC effectively inhibited cleaved-caspase-
3 expression, indicating ROS played a vital role in SDT-induced
cell apoptosis.

3.8. DNA damage induced by DVDMS- SDT in cell-free
system

Because the studies in vitro suggested serious DNA damage aer
SDT treatment, we next investigated the direct interaction
between DNA and DVDMS in the presence or absence of
RSC Adv., 2018, 8, 36245–36256 | 36251
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Fig. 8 Measurement of histone gH2A.X expression level in U373 cells after different treatments. Cells were fixed and processed for immuno-
fluorescence, gH2A.X was visualized using FITC-labeled secondary antibody (green). The numbers of gH2A.X-positive cells per high power field
were calculated. Representative images are shown and the quantitative result is presented. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with
control group.
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ultrasound. As shown in Fig. 10A and 10B, DNA displayed
a characteristic absorption peak at 260 nm, which showed
a DVDMS dose-dependent variation, and increased together
with the ultrasound duration-time. More obviously, the inten-
sity of DNA absorption at 260 nm was enhanced by increasing
the duration time in SDT (Fig. 10C), indicating that the DNA
structure was seriously disrupted in the sonodynamic process.

Further, agarose gel electrophoresis was performed to
conrm DNA fragmentation and DNA degradation. The results
in Fig. 11 exhibit that the untreated cells of the control and
DVDMS alone groups showed little DNA damage with very short
DNA tailing. Slight DNA tailing was captured aer ultrasound
treatment. Meanwhile, DNA tailing and DNA degradation were
gradually aggravated aer DVDMS-SDT treatment, in an
ultrasound-intensity-dependent manner. The DNA damage
tests in cell-free systems and cell experiments demonstrate that
DVDMS-SDT interfered with DNA molecules, and the induced
DSB might have contributed to the cell viability loss of the U373
cells.
4. Discussion

Recently, the effects of sonocatalytic reagents in combination
with ultrasound have been reported in glioma cells,14,35 which
involves a complex and diverse SDT process. The possible SDT
target sites remain unclear, but they are determined by the
features of sonosensitizers and can greatly inuence the cellular
responses and SDT outcomes. In this study, the emphasis on
the sonodynamic efficacy in human glioma U373 cells by
36252 | RSC Adv., 2018, 8, 36245–36256
utilizing a sonosensitizer, DVDMS, aimed to explain the
mechanistic basis of BBB opening, DNA oxidative damage, and
potential glioma therapy.

The topic of BBB disruption using ultrasound has aroused
considerable attention in brain diseases because it is noninva-
sive and reversible.2 In this study, we chose therapeutic ultra-
sound to optimize the BBB opening parameters, which
indicated that the in vitro established BBB model could be
temporarily and reversibly opened by ultrasound exposure at
frequency of 1.0 MHz and intensity of 0.45 W cm�2 for 1 min
duration, which did not produce any viability loss in normal
cells. Controllable BBB opening facilitates subsequent drug
delivery at specic time points and local sites.36 It is reported
that ultrasound can induce a disintegration of the tight-
junctional complexes in brain microvessels, involving the
redistribution and loss of immunosignals for occludin, claudin-
5 and reduction in the expression of the submembranous
junction-related proteins ZO-1 and claudin-1.29,30 Therefore, the
ultrasound-assisted drug penetration into BBB and accumula-
tion in the brain also pave a way for increased SDT anti-glioma
efficiency.

Using human glioma U373 cells, the toxic assays in vitro
indicated a signicant cell viability loss and apoptosis increase
aer the combined DVDMS-SDT treatment, whereas either
alone did not cause obvious cell damage at the chosen doses.
Additionally, there was no signicant cytotoxicity in normal
cells aer DVDMS-SDT treatment. This suggests that DVDMS-
mediated SDT had a selective lethal effect on cancer cells
without affecting healthy cells. Our previous studies showed
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 DVDMS-SDT-induced apoptosis in U373 cells. (A) Dot plots of uptake of Annexin V and PI by differently treated cells 24 h post-treatment
as determined by flow cytometry. (B) Western blot analysis of the expression level of histone gH2A.X and apoptosis-related protein cleaved-
caspase-3 after different treatments. Significant differences between the control and SDT groups are indicated: *p < 0.05, **p < 0.01 and ***p <
0.001 versus control, **p < 0.01 represents SDT group versus SDT + NAC group.
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that DVDMS was taken up quickly and preferentially accu-
mulated in tumor cells, compared with normal cells.37,38 This
might be due to the high expression of low-density lipoprotein
receptors in tumor cell membranes, which promote the
internalization of sonosensitizers with high binding affinity
This journal is © The Royal Society of Chemistry 2018
via endocytosis pathways.39 SDT has been suggested as an
activatable approach for tumor therapy, and the oxidative
radicals produced during the process contribute to cellular
toxicity. In agreement with previous studies,40 DVDMS-SDT
stimulated obvious ROS generation in U373 cells and
RSC Adv., 2018, 8, 36245–36256 | 36253
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Fig. 10 UV-vis spectra of DNA after different treatments. (A) Effect of different concentrations of DVDMS on DNA damage. (B) Effects of
ultrasound exposure time on DNA damage. (C) DNA damage (0.1 mg mL�1 DNA) after DVDMS-SDT was detected by ultraviolet spectropho-
tometry. (D) Quantification of absorbance value of DNA at 260 nm under different DVDMS-SDT. (a), 0.1 mgmL�1 DNA; (b), 0.1 mgmL�1 DNA+10
mM DVDMS; (c), ultrasonic irradiation for 3 min; (d), SDT-1 min; (e), SDT-2 min; (f), SDT-3 min. Data expressed as mean � standard deviation of
three batches. *p < 0.05, **p < 0.01 compared with control.
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pretreatment with NAC signicantly rescued the cell viability
loss and apoptosis induction. Although the ROS generation
sites, which determine the cellular targets of SDT, usually
occur in the cytosol, the nuclear genetic material may also be
greatly inuenced by an undened mechanism. Furusawa re-
ported that nuclear membranes can be permeabilized by
ultrasound and the DNA strands could be directly exposed to
the ultrasound wave, which produced distinct breaks or cross-
linking.41 Excess ROS can activate nuclear factor E2-related
factor 2 (Nrf2), nuclear transcription factor-kB (NF-kB), and
mitogen-activated protein kinases (MAPKs) to regulate
expression of oxidative stress-related genes,42 which then
further disrupt cellular DNA molecules. Therefore, we subse-
quently focused on the structural and functional DNA damage
aer DVDMS-SDT treatment. Both ow cytometry and comet
electrophoresis showed severe oxidative DNA damage (Fig. 6B
and 7) post SDT in U373 cells. DVDMS-SDT produced little
damage to DNA of normal cells. DNA damage involves not only
base pair substitution and point mutation, but also serious
DNA single-strand or double-strand breaks. Phosphorylation
of gH2A.X is currently known as a DNA marker for DSB, and
can be catalyzed by ATM and ATR at the Ser139 site and in turn
leads to recruitment of DNA-related proteases to repair the
damaged sites.43 gH2A.X is dephosphorylated when the DNA
repair process is completed.44 In the present study, gH2A.X
36254 | RSC Adv., 2018, 8, 36245–36256
phosphorylation following DVDMS-SDT was conrmed by
immunouorescence and western blot, and the results suggest
that the most serious DNA damage type – DSB – was induced
by SDT. In various tumor types including glioma, several
proteins with particular mutations endow tumor cells with
distinct DNA damage-repair ability. In this case, however,
U373 cells lack the ability to activate the p53-dependent
apoptotic pathway due to p53 mutation, which may trigger
other factors at the S or G2 checkpoint to lead to cell cycle
arrest under external stimuli.45 Ruiz-Magana et al. reported
that the cell checkpoint can be activated in response to ther-
apeutics in p53 mutant cells.46 As the time of DNA repair was
lengthened, unrepaired DNA strand breaks then easily led to
cell death. For these reasons, DNA DSBs following DVDMS-
SDT hindered DNA repair in U373 cells and caused serious
toxicity.

Cells struggle to maintain stable functioning when exposed
to various stimuli, which then initiate complicated cellular
damage-repair responses and compensation mechanisms, the
ultimate outcome being a synergistic combination of several
responses. In order to investigate whether DNA could be
directly inuenced by DVDMS-SDT, a cell-free system was
established and showed evidence for ultrasound-intensity-
and DVDMS-concentration-dependent DNA damage and frag-
mentation aer SDT treatment.
This journal is © The Royal Society of Chemistry 2018
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Fig. 11 Agarose gel electrophoretic patterns of DNA treated with SDT.
lane 1 : 0.1 mg mL�1 DNA, lane 2 : 0.1 mg mL�1 DNA + 10 mM DVDMS,
lane 3 : 0.1 mg mL�1 DNA + ultrasound for 1 min, lane 4 : 0.1 mg mL�1

DNA + ultrasound for 2min, lane 5 : 0.1 mgmL�1 DNA + ultrasound for
3 min, lane 6 : 0.1 mg mL�1 DNA + 10 mM DVDMS + ultrasound for
1 min, lane 7 : 0.1 mg mL�1 DNA + 10 mM DVDMS + ultrasound for
2 min, lane 8 : 0.1 mg mL�1 DNA + 10 mM DVDMS + ultrasound for
3 min.
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5. Conclusions

Taken together, our ndings indicate that glioma therapy using
DVDMS-SDT has potential benets derived from the reversible
BBB opening and signicant sonochemical effects. DVDMS-SDT
may directly regulate DNA molecules and induce DSBs through
ROS generation, which provides some new insights into SDT's
biological mechanism for glioma therapy. Nevertheless, an
orthotopic glioma model is also now underway, which involves
several ultrasound treatment cycles, BBB opening windows,
DNA damage in situ, and so on. In short, the present study
represents an alternative SDT strategy for glioma therapy.
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