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Abstract
AIM: To investigate the low intensity ultrasound (US)-
induced apoptosis in human gastric carcinoma cells 
and its potential mechanism and to suggest a new 
therapeutic approach to gastric carcinoma.
METHODS: Human SGC-7901 gastric carcinoma cells 
were cultured in vitro  and irradiated by low intensity 
US for 10 min at different intensities with different 
incubation times after irradiation. Morphologic changes 
were examined under microscope with trypan blue 
staining and then the percentage of early apoptotic 
cells was detected by flow cytometry (FCM) with 
double staining of fluorescein isothiocyanate (FITC)-
Annexin V/propidium iodide (PI). Two-dimensional 
electrophoresis (2DE) was used to get the protein 
profile and some proteins differently expressed after 
US irradiation were identified by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF-MS). Functional analysis was performed 
to investigate the mechanism of US-induced cell 
apoptosis.
RESULTS: The percentage of apoptotic cells increased 
about 10% after US irradiation (12.0 W/cm2, 12 h  
culture). The percentage of early apoptosis and 
secondary necrosis in the US-irradiated cells increased 
with the increased US intensity. Moreover, apoptotic 
cells increased with the increased culture time after 
US irradiation and reached its maximum at about 12 h.  

Several new proteins appeared after US irradiation 
and were up or down regulated more than 2 times. 
Some heat shock proteins (HSPs) were found to be 
associated with the signal process simulating the 
apoptosis of cells.
CONCLUSION: Low intensity US could induce 
apoptosis in human gastric carcinoma cells. US-induced 
apoptosis is related to US intensity/culture time.  
US-induced apoptosis may be caspases-dependent and 
endoplasmic reticulum (ER) stress-triggered apoptosis 
may also contribute to it. Proteomic experimental 
system is useful in finding the protein alteration in 
carcinoma cells after US irradiation, helping to develop 
a new cancer therapy.
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INTRODUCTION
Gastric carcinoma is the second commonest cause of  
cancer-related deaths worldwide. Although surgical 
removal of  the stomach is the only curative treatment 
in cl inical  practice,  more studies revealed that 
chemotherapy and radiation therapy given after surgery 
could improve the chance of  a cure for many patients. 
To improve the survival rate, new therapeutic methods 
should be developed.

In non-surgical cancer treatment, induction of  
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apoptosis is a preferred mode of  killing cancer cells[1,2]. 
Several investigators have reported that US irradiation 
could induce apoptosis in human leukemia cell lines[3-7], 
including K562, HL-60, Nalm-6 and U937. It was also 
reported that apoptosis of  some solid carcinoma cells, 
such as human ovarian carcinomas cells[8], SMMC-7721 
cells (data not shown) and Walker 256 carcinosarcoma 
cells[9], are triggered by US irradiation. Different from 
high intensity focused ultrasound (HIFU) which can 
thermally ablate tissues via hyperthermia in different 
carcinomas[10-12], low intensity ultrasound (US) defined 
as therapeutic US, with a relatively lower intensity than 
HIFU, has a great potential in apoptosis therapy for 
cancer and can be relatively easily applied[8,13]. So it is 
suggested that low intensity US-induced apoptosis in 
tumor cells could probably offer a new approach to 
elimination of  cancer[4]. To our knowledge, US-induced 
apoptosis in gastric carcinoma has not yet been reported. 
Compared with human leukemia cell lines, low intensity 
US-induced apoptosis in solid carcinoma cells or tissues 
is still in the process of  investigation. The mechanism 
has also not yet been elucidated.

The aim of  this study was to prove low-intensity 
US-induced apoptosis in human SGC-7901 gastric 
carcinoma cells and investigate the effects of  US 
intensity and culture time after US irradiation on  
US-induced apoptosis. Comparative proteomic analysis 
was performed to examine the alteration in protein 
profile of  gastric carcinoma cells induced by US 
irradiation. The potential molecular mechanism was 
suggested via the protein functional analysis.

MATERIALS AND METHODS
Chemicals and materials
F luo r e s c e in  i so th iocy ana t e  (F ITC) -Annex in  
V/propidium iodide (PI) kit was purchased from 
Jingmei Biotechnology Company, China. Immobilized 
pH gradient (IPG) strips (pH3-10, nonlinear, 13 cm) 
and IPG buffer (pH3-10, nonlinear) were purchased 
from Pharmacia, Amersham Biotech. Dithiothreitol 
(DTT), PMSF and CHAPS were purchased from Sigma 
Company (USA). All the buffers were made using 
high purity MilliQ water. Elite ESP flow cytometer 
was purchased from Coulter Electronics Hialeah, FL. 
IPGphor isoelectric focusing equipment, Hoefer SE 
600 vertical chambers, electrophoresis apparatus, Image 
Master 2D Elite 4.01 software were purchased from 
Pharmacia, Amersham Biotech. Voyager-DE MALDI-
TOF MS was a product from Applied Biosystems 
(USA).

SGC-7901 cell line cultures
SGC-7901 human gastric carcinoma cells (Center of  
Laboratory Animals of  the Forth Military Medical 
University) were cultured in RPMI 1640 culture medium in 
a water-saturated atmosphere with 50 mL/L CO2 at 37℃.

US irradiation set
The US irradiation system is shown in Figure 1. It consists 

of  a AWG 2021 arbitrary waveform generator (Sony 
Tektronix Co., Tokyo, Japan), a AG 1016 power amplifier 
(T&C Power conversion, Inc., Rochester, NY, USA) and a 
transducer designed as a semispherical ring with an aperture 
146 mm and a radius of  curvature 120 mm (Imasonic, 
Besancon, France), a 750 mm × 750 mm × 500 mm 
polymethyl methacrylate tank filled with degassed water 
with 10-cm high water above the transducer. The central 
frequency is 1.2 MHz. Temperature of  water in the 
tank was controlled at 25℃ by circulating. Cell samples 
were carried in a specially designed inverted “T” tube as 
previously described[6,9].

US treatment and sample collection
The cell samples were divided into ten groups and each 
treatment was given in three replicates. The first group 
was used as the control that imitated the whole process 
with no irradiation. The 2-5 groups were irradiated 
for 10 min at the intensity of  3.0 W/cm2, 6.0 W/cm2,  
9.0 W/cm2 and 12.0 W/cm2 (ISPTA), respectively, and 
then incubated at 37℃ in a humidified air containing 
50 mL/L CO2. Apoptosis detection and microscopy 
observation were performed in each sample. Remained 
cells were washed 3 times with cold PBS, centrifuged 
at 1500 × g for 10 min to get cell pellets, then frozen 
quickly in liquid nitrogen and stored in a -80℃ ultra 
low temperature freezer (LegaciTM Refregeration 
system, REVCO Technologies) for subsequent 2D 
PAGE analysis. The whole process was performed in 
sterile condition.

To investigate the relationship between culture 
time after US irradiation and cell apoptosis, the 6-10 
groups were irradiated at the intensity of  12.0 W/cm2 
and incubated at 37℃ in a humidified air containing 
50 mL/L CO2 for 0, 6, 12, 18 and 24 h, respectively. 
The following morphologic observation and apoptosis 
detection were performed as described above.

Morphological observation and flow cytometry (FCM) 
examination
The morphologic changes in apoptotic and necrosis 
cells could be examined under microscope and 
detected by analysis of  a light scatter signal by FCM[14]. 

Figure 1  US irradiation system.
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SGC-7901 cells were stained with trypan blue and 
then observed under microscope (Olympus BX40) 
to detect their structure change after US irradiation. 
Furthermore, the cells were analyzed with FCM to detect 
phosphatidylserine (PS) exposure on the cell membrane 
as a typical marker of  early apoptosis.

Two-dimensional electrophoresis (2DE) analysis
Proteins were extracted from control and irradiated cells, 
respectively, with the freeze-thaw lysis method. Then, the 
protein solution (containing 200 μg proteins) was loaded 
to perform isoelectric focusing and second dimension 
separation as previously described[15]. Gels were silver 
stained.

2D gel images of  control and irradiated cells were 
acquired using a Sharp JX-330 scanner, compared and 
matched via Image Master 2D Elite software. New 
protein spots and proteins expressing 2 times higher or 
lower were selected for the following identification based 
on MALDI-TOF-MS.

Identification of proteins using MALDI-TOF-MS
The selected protein spots were excised from the gel 
and in-gel digestion with trypsin was performed. The 
extracted enzymolyzed peptides were identified by peptide 
mass fingerprinting based on MALDI-TOF-MS (Voyager-
DETM), analyzed using data explore, and matched in 
ProFound-peptide mapping and SWISS-PROT.

RESULTS
Morphologic observation
The morphologic observations showed that the distinct 
morphologic characteristics of  apoptotic cells, such 
as condensation of  nucleus, chromatin margination  
(Figure 2B) were found after the cells were irradiated 
at 12.0 W/cm2 for 10 min and incubated for 12 h 

after irradiation. Simultaneously, the characteristics 
of  apoptotic cells were not observed in the control 
samples incubated at 37℃ in a humidified air containing  
50 mL/L CO2 (Figure 2A). However, the morphologic 
observation could not unambiguously give the quantity 
information about the proportion of  cells in different 
physiological states, such as viable cells, apoptotic cells 
and secondary necrotic cells. So a further analysis was 
performed for the detection of  functional characteristics 
such as exclusion of  PI or plasma membrane integrity or 
such dyes as Annexin V-FITC.

Apoptosis assay
FCM with double staining of  FITC-Annexin V/PI was 
performed to detect PS expression on the cell membrane 
as an end point of  early apoptosis[16], showing the exact 
percentage of  cells in different styles, including viable 
cells (Annexin V-/PI-), early apoptotic cells (Annexin 
V+/PI-), and secondary necrosis (Annexin V+/PI+).

The relationship between cell apoptosis and US 
intensity/culture time after US irradiation was investigated. 
The results show that the percentage of  early apoptosis 
and secondary necrosis in the US irradiated cells increased 
with the increased US intensity (Figure 3). In the mean 
time, the percentage of  viable cells decreased after US 
irradiation. The percentage of  early apoptosis (incubated 
for 12 h after irradiation at the intensity of  12.0 W/cm2 
(ISPTA) for 10 min) increased more than 10% compared 
with the control cells cultured at 37℃ in a humidified 
air containing 50 mL/L CO2 (Figure 4), suggesting that 
apoptosis of  cells can be induced by US.

US induced early apoptosis (Figure 5A) and 
secondary necrosis (Figure 5B) as a function of  culture 
time after US irradiation, are determined by FCM 
with double staining of  FITC-Annexin V/PI. Human 
SGC-7901 gastric carcinoma cells were irradiated by US 
at the intensity of  12.0 W/cm2 for 10 min in this study. 
Apoptotic cells increased with the increased culture 
time after US irradiation and reached its maximum at 
12 h. Then, the percentage of  apoptotic cells gradually 
decreased. However, the secondary necrosis cells kept 
increasing. The percentage of  viable cells kept decreasing 
after US irradiation.

Figure 3  Percentage of early apoptotic cells and secondary necrosis cells in 
control and US-irradiated SGC-7901 cells at different US intensities.
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Figure 2  Morphologic characteristics of SGC-7901 cells before and after US 
irradiation.
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2DE analysis
A total of  1137 protein spots were successfully separated 
from the human gastric carcinoma SGC-7901 cells, 798 
of  which had a good match with the proteins in the 2D 
map of  US irradiated cells. The unmatched protein spots 
amounted to 339. Some of  the matched proteins had 
obviously different expressing characteristics (more than 
2 times), indicating that they are obviously up-regulated 

or down-regulated after US irradiation. The protein 
expression between control cells (left) and US irradiated 
cells (right) is also shown in Figure 6.

Identification of proteins by MALDI-TOF-MS
Proteins were identified by peptide mass fingerprinting 
based on MALDI-TOF-MS. The identified information 
about the proteins shown in Figure 6 is summarized 
in Table 1. The expression of  these proteins increased 
more than 2 times after US irradiation. However, 4 
proteins were unmatched although with good spectra. 
Further identification of  them is needed via the tandem 
MS/MS.

DISCUSSION
In the present study, we first demonstrated that low 
intensity US could induce early apoptosis and secondary 

A

B
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D

E

Figure 6  Magnified features of protein spots with different expressing 
characteristics after US irradiation. Arrow points to the differently expressed 
protein spots. A: Bip; B: HSP70; C: CH60; D: Calreticulin; E: Prohibitin.

Swiss-Prot No. Protein name Theo. pI/Mw Exp. pI/Mw Protein function

P11021 GRP78, Bip      5.2/71.0    5.1/74.4 ER-stress associated
P38646 HSP70 (Heat shock 70 kDa protein)      5.9/73.7    5.8/72.1 Activation of pre-caspase 3
P10809 CH60 (60 kDa HSP)      5.7/61.2    5.5/58.9 Tumor suppressor and pro-apoptotic protein
P27797 Calreticulin precursor      4.3/48.2    4.5/52.8 ER-stress triggered apoptosis
P35232 Prohibitin      5.6/29.9    5.4/31.3 Inhibit the tumor cell growth

Table 1  Identified information about proteins related to US-induced apoptosis
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Figure 4  Percentage of viable cells, early apoptotic cells and secondary 
necrosis cells in the control and US-irradiated SGC-7901 cells.

Figure 5  US-induced early apoptosis (A) and secondary necrosis (B) as a 
function of culture time after US irradiation, determined by FCM.
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necrosis in gastric carcinoma cells. US irradiation 
could trigger apoptosis in both carcinoma and normal 
cells. However, a series of  investigations showed that 
malignant cells are much more susceptible to US 
exposure and more prone to being killed than normal 
cells[17,18]. Lagneaux et al [4] also demonstrated that 
carcinoma cells are sensitive to ultrasonic treatment 
with a high percentage of  apoptotic cells observed 
5 h after treatment, whereas ultrasonic treatment 
has no effect on normal cells isolated from leukemic 
patients. This characteristic of  carcinoma cells gives the 
chance to develop US irradiation as a new therapeutic 
approach to cancer treatment. Furthermore, during the 
US irradiation, focused US oriented by targeted multi-
functional US contrast agents (UCA), could aim at the 
targeted region, decreasing side-effects on normal tissues 
around it. In addition, Gene regulation of  target cells 
may be utilized in modifying cellular response to US 
treatment, thus increasing the sensitivity of  diseased cells 
while making normal cells resistant to the side effects[19]. 
Therefore, US-induced apoptosis, as a novel cancer 
therapy, is of  practical importance.

Low intensity US-induced apoptosis in gastric 
carcinoma cells may be an early event that increased with 
time in this study. The culture time for apoptotic cells to 
reach their maximum apoptosis is 12 h. Another study 
on US-induced apoptosis of  human hepatocarcinoma 
cells performed in our laboratory (data not shown) 
showed that the culture time is 6 h after treatment. This 
discrepancy may be due to the different sensitivities of  
carcinoma cells to apoptosis-inducing factors. Similar 
results have also been reported by other investigators[5,20], 
suggesting that the sensitivity of  carcinoma cells to US 
irradiation is related to the time when apoptotic cells 
reach their maximum.

Apoptosis is always a special cellular response to 
stress stimuli, such as exposure to chemotherapeutic 
drugs, oxidative stress, free radicals, X-rays, ultraviolet 
radiation and shear stress. US irradiation belongs to 
the physical stress factor. Ashush et al[3] first reported 
that apoptosis is induced by high-intensity pulsed US 
in human leukemia cell lines, Lagneaux and Meulenaer 
demonstrated that low intensity US could also trigger 
apoptosis in human leukemia cell lines and low intensity 
US-induced apoptosis in tumor cells could probably 
offer a new approach to the elimination of  cancer[4]. 
Feril et al[6] also pointed out that US without increasing 
its temperature and time can increase hyperthermia-
induced apoptosis. It was reported that early apoptosis 
and necrosis induced by US are mainly caused by 
inertial cavitation[5-7]. During US cavitation, collapsing 
bubbles could create drastic conditions in an extremely 
short time, with a temperature of  2000 to 5000 K 
and a pressure up to 1800 atm inside it. Shear forces, 
jets and shock waves are also produced outside the 
bubbles. The inertial cavitation also induces free radical 
formation via the thermal dissociation of  water into 
·OH and ·H radicals. Any kind of  these stress factors 
from US cavitation might cause apoptosis of  tumor 

cells. Apoptosis may be triggered as a response to 
cell membrane and DNA damage induced by inertial 
cavitation or via the action of  residual hydrogen 
peroxide[21,22]. It is further proved when introduction 
of  dissolved gases or UCA, OptisonTM and YM454 
to the system enhanced the US-induced cell killing  
in vitro[5,7]. Moreover, intracellular ROS generated from 
mitochondria rather than from extracellular ROS 
(directly produced by inertial cavitation in the medium), 
are involved in the regulation of  apoptosis induced by 
US[23]. However, Lagneaux and Meulenaer claimed that 
US-induced apoptosis is probably related to the oxidative 
stress[4].

To invest igate the molecular mechanism of   
US-induced apoptosis in carcinoma cells, comparative 
proteomic analysis is a novel method that was introduced 
in this study. Because the biologic processes are directly 
executed by proteins that are dynamically modified and 
processed at multiple levels during or after sonication, 
the alteration in protein profile can reflect the status 
of  differentiation and physiological conditions of  cells. 
Protein functional analysis can also help reveal the 
molecular signal processes triggered by US irradiation in 
tumor cells or tissues.

Apoptosis is well-known to require the activation 
of  caspases, a group of  enzymes involved in apoptotic 
cascade events[24]. Apoptotic stimulus can activate 
apoptosis-related proteins to enter mitochondria, then 
induce mitochondria membrane to form pores to release 
molecules into cytosol, such as cytochrome C (CytC). 
The released molecules can activate caspase-9, which 
cleaves procaspase-3 to caspase-3, finally inducing 
apoptosis[25,26]. The activity of  different caspases was 
not detected in this study, but some proteins, such as 
CH60, related to the activation of  caspases were up-
regulated in the cells after sonication. CH60 is regarded 
as a protective protein induced by the response process 
of  mammalian cells under stress, which promotes 
apoptosis by helping maturation of  precaspase-3[27,28]. 
Precaspase-3 is the key enzyme involved in the caspases-
dependent apoptotic process, indicating that the US-
induced apoptosis may be caspases-dependent. It is 
known that members of  the heat shock protein (HSP) 
family function at multiple points in the apoptotic signal 
pathway. Sometimes, due to their cytoprotective role, 
they inhibit the apoptotic response by inhibiting the key 
steps in the apoptotic process. However, in other times, 
they serve as chaperones of  a key signaling protein or 
directly promote apoptosis. Vykhodtseva reported that 
focused US sonication close to the thermal threshold 
exposures could induce apoptosis, suggesting that the 
mechanism leading to apoptosis is the production of  
HSPs[29]. In this study, CH60, HSP70 and Bip were 
found belonging to the HSP family. They participate 
in the apoptosis induced via different ways. Bip and 
calreticulin participate in the press-induced reactions 
on the endoplasmic reticulum (ER), both of  them are 
pivotal molecules mediating ER-initiated apoptosis 
involved in ER stress. Prohibitin is an antiproliferative 
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protein and functions as a tumor suppressor. Commonly, 
it is involved in blocking DNA synthesis and negative 
regulation of  cell proliferation. In US-induced apoptosis 
of  tumor cells, the increased expression of  prohibitin 
would help inhibit the growth of  tumor cells.

In summary, low intensity US can induce apoptosis 
in human gastric carcinoma cells. The percentage of  
early apoptosis and secondary necrosis in the US-
irradiated cells are increased with increased US intensity; 
Moreover, apoptotic cells increase with increased culture 
time after US irradiation and reach their maximum at 
about 12 h. Group of  HSPs participates in the US-
induced apoptosis. US-induced apoptosis is caspases-
dependent, and ER stress-triggered apoptosis may also 
contribute to it. Moreover, experimental system can also 
be introduced into the research of  bio-effects caused 
by other physical and chemical factors on tumor cells, 
which would be significant in investigating tumor cell 
apoptotic mechanism and cancer therapy.

 COMMENTS
Background
Low intensity ultrasound (US) irradiation could trigger apoptosis in carcinoma 
cells, and therefore has distinct potential as a technique for cancer therapy. To 
investigate US-induced apoptosis in different carcinoma cells is significant to 
better understand its mechanism and develop a new therapeutic approach.
Research frontiers
The present study demonstrated low intensity US-induced apoptosis in gastric 
carcinoma cells. Based on protein functional analysis, the molecular mechanism 
of US-induced apoptosis is suggested.
Innovations and breakthroughs
Some previous studies have proved that US can induce apoptosis in human 
leukemia cells and solid carcinoma cells. The present study first demonstrated 
that low intensity US could induce early apoptosis and secondary necrosis 
in gastric carcinoma cells. The effects of US intensity and culture time after 
treatment on US-induced apoptosis are revealed. The potential molecular 
mechanism of US-induced apoptosis is suggested via comparative proteomic 
analysis.
Applications
The present study would help to make better analysis of US-induced apoptosis 
in gastric carcinoma cells, and promote new therapeutic schemes. Further 
investigation of its mechanism would supply more useful information about US- 
induced apoptosis in solid carcinoma cells.
Peer review
The authors demonstrated that low intensity US could induce early apoptosis 
and secondary necrosis in gastric cell line SGC-7901. As suggested by the 
authors, low intensity US irradiation may help to develop new cancer therapies. 
Therefore, this study may provide important information about gastric cancer.
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