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Abstract. The aim of the present study was to investigate 
the underlying mechanism(s) involved in reversing multidrug 
resistance (MDR) of SK-N-SH/MDR1 by low-intensity pulsed 
ultrasound (LIPUS). Membrane alteration of SK-N-SH/
MDR1 cells exposed to LIPUS was analyzed by scanning 
electron microscopy (SEM). Immunofluorescence and western 
blotting were used\ to detect changes in the expression of 
the MDR-related proteins P-glycoprotein (P-gp), multidrug 
resistance protein 1 (MRP1) and glutathione-S-transferase-π 
(GST-π) after the optimum ultrasonic. The optimum ultra-
sonic conditions were 0.3 MHz, 1.0 W/cm2, 40 sec and the 
chemosensitivity of SK-N-SH/MDR1 cells was significantly 
increased (P<0.05). The optimum ultrasonic-induced perfora-
tion of the irradiated cell membranes was observed by SEM. 
The expression of P-gp was significantly decreased in the 
group treated by optimum ultrasonic (P<0.05), but not the 
expressions of MRP1 or GST-π (P>0.05). We demonstrated 
that LIPUS effectively reverses the MDR of SK-N-SH/MDR1, 
presumably via augmenting membrane permeability and 
decreasing the P-gp expression of SK-N-SH/MDR1.

Introduction

Neuroblastoma is the most common extracranial solid tumor 
in infancy and childhood (1). Currently, chemotherapy remains 
the key therapy for neuroblastoma in the clinic. However, inev-
itable severe side-effects and multiple drug resistance (MDR) 

limit its application. The mechanism of chemoresistance is 
complicated and current research involving reversal of MDR is 
still in the experimental stage (2-4). It is necessary to develop 
novel methods to enhance chemosensitivity and to reverse the 
MDR. Using high-intensity focused ultrasound (HIFU) treat-
ment, the fringe area of tumor tissue treated by low intensity 
ultrasound is usually damaged, but is not necrotic (5-7). In 
addition, the tumor tissue is sensitive to chemotherapeutic 
drugs, even tissue that was insensitive to chemotherapy prior 
to HIFU therapy (8). The ability of LIPUS to reverse tumor 
MDR and enhance the sensitivity to chemotherapy drugs has, 
therefore, been confirmed (9-12).

The aim of the present study was to investigate the mecha-
nism underlying low-intensity pulsed ultrasound (LIPUS) in 
reversing MDR of the human neuroblastoma multidrug resis-
tant cell line SK-N-SH/MDR1. We applied various ultrasound 
intensities to determine the optimum ultrasonic to increase 
the sensitivity of SK-N-SH/MDR1 to chemotherapeutic drugs. 
We then analyzed the membrane alterations and MDR-related 
proteins [P-glycoprotein (P-gp), multidrug resistance protein 1 
(MRP1), and glutathione-S-transferase-π (GST-π)] of 
SK-N-SH/MDR1 following optimum ultrasonic to elucidate 
the possible mechanism involved in reversing MDR.

Materials and methods

Cell culture. The HEK 293 cell line was a gift from professor 
Tong-Chuan He (Laboratory of Molecular Oncology, 
University of Chicago, USA). The human neuroblastoma cell 
line SK-N-SH was purchased from the American Type Culture 
Collection (ATCC, Manassas, VA, USA) and was preserved in 
our laboratory. The cells were maintained in Dulbecco's modi-
fied Eagle's medium/Nutrient Mixture F-12 (DMEM/F12) 
supplemented with 10% fetal bovine serum (PAA Laboratories 
GmbH, Cölbe, Germany) at 37˚C with 5% CO2.

Preparation of high titer adenovirus vector supernatant. 
Recombinant adenoviral vectors expressing green fluores-
cence protein gene (GFP) and multidrug resistance gene 1 
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(MDR1) (Ad-GFP-MDR1) and only GFP (Ad-GFP) were 
previously prepared in our laboratory (13). HEK 293 cells 
transducted with an appropriate multiplicity of infection 
(MOI) of Ad-GFP-MDR1 and Ad-GFP were harvested and 
frozen using a dry ice/methanol bath, immediately thawed in a 
37˚C water bath and vortexed. After expanding and purifying 
the cells using density gradient centrifugation (14), the high 
titer recombinant adenoviruses Ad-GFP-MDR1 and Ad-GFP 
were harvested. 

Transduction of SK-N-SH cells with adenoviral vector super-
natant. Logarithmic phase SK-N-SH cells were divided into 
3 groups. Cells in group 1 transducted with Ad-GFP-MDR1, 
which served as the experimental group, were referred to 
as SK-N-SH/MDR1. Cells in group 2 transducted with 
Ad-GFP served as the control group and were referred to as 
SK-N-SH/GFP. A third group of untransducted cells served as 
a blank control, referred to as SK-N-SH. 

The cells were plated on 96-well plates at a density of 
2.0x105 cells/well. After culturing for 16 h, the cells of each 
group were divided into 6 subgroups and transducted with 
adenoviral vector according to increasing MOI: MOI = 5, 
10, 50, 100, 200 or 400. Each subgroup contained 6 repeated 
pores. The efficiency of transduction was quantified using 
fluorescence microscopy and flow cytometry was performed 
48 h after transduction. The experiments were repeated in 
triplicate.

Ultrasound equipment and irradiation. A low-intensity 
ultrasonic irradiation system provided by Chongqing 
Medical University Ultrasonic Engineering Institute (trans-
ducer diameter, 1.8  cm; frequency 0.3  MHz; China) was 
used. SK-N-SH/MDR1 cells were suspended in culture 
serum at 1x105 cells/well and prepared for irradiation. The 
SK-N-SH/MDR1 cell suspension was randomly divided into 
three groups: the 0.5 W/cm2 group, the 1.0 W/cm2 group and 
the 1.5 W/cm2 group. The exposure times for the experimental 
group were 10, 20, 30, 40, 60, 90, 120, 160 and 200 sec with 
sham irradiation for the control subgroup. Each subgroup 
contained 1 ml cell suspension. 

Analysis of the optimum irradiation of reversing MDR of 
SK-N-SH/MDR1 using methyl-thiazolyl-tetrazolium (MTT) 
assay. Following irradiation, 150 µl of each subgroup of cell 
suspensions were plated on 96-well plates. The cell suspensions 
in the experimental and the control subgroup were divided into 
3 repeated pores. Subsequently, the cells were stained with 20 µl 
of 5.0 mg/ml sterile MTT solution [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; Sigma, St. Louis, MO, 
USA] for 4 h at 37˚C, after which the medium was removed 
and thoroughly mixed with 100 µl dimethyl sulfoxide (DMSO; 
Merck Inc., Whitehouse Station, NJ, USA) to dissolve formazan 
crystals. The cells were then agitated for 10 min, and their 
absorbance was measured at 490 nm using a spectrophoto-
metric microplate reader (Bio-Rad Laboratories In., Hercules, 
CA, USA). Each treatment group was analyzed in triplicate, 
and the experiment was repeated 3 times. The optimum ultra-
sonic irradiation conditions were selected by the value of M 
calculated using the following formula: M = average OD value 
of the experimental cells/average OD value of the control cells.

Analysis of chemosensitivity using MTT assay. To assess 
multidrug resistance of SK-N-SH, SK-N-SH /GFP, 
SK-N-SH/MDR1, and SK-N-SH/MDR1 with optimum irra-
diation, cells were plated on 96-well plates at a density of 
3.0x105 cells/well and incubated for 24 h. Then, the medium 
was removed, replaced with fresh medium containing 
different concentrations of daunorubicin (DNR; Pharmacia 
Italia S.p.A, Milan, Italy), adriamycin (ADM; Pharmacia 
Italia S.p.A), vincristine (VCR; Wanle Pharmaceutical 
Factory, Shenzhen, China), and cyclophosphamide (CTX; 
Jiangsu Hengrui Pharmaceutical Co., Ltd., Jiangsu, China) 
and incubated for another 48 h. The cells were then stained 
with 20 µl of MTT solution (5.0 mg/ml) for 4 h at 37˚C, and 
the medium was removed and thoroughly mixed with 100 µl 
dimethyl sulfoxide (DMSO) to dissolve formazan crystals. 
Absorbance was read at 490 nm using a spectrophotometric 
microplate reader (Bio-Rad Laboratories). The inhibition ratio 
of tumor cells at each drug concentration was calculated using 
the following formula: Inhibition ratio (%) = (1  - average 
OD value of the experimental cells/average OD value of the 
control cells) x 100. The half inhibiting concentration (IC50) of 
each chemotherapeutic drug was determined from the inhibi-
tion ratio for each concentration (15). 

Scanning electron microscopy (SEM). The structural changes 
of SK-N-SH/MDR1 cells exposed to optimum ultrasonic 
or sham irradiation were observed by SEM. The cells were 
washed with PBS twice and then suspended by PBS. The cell 
suspensions were dropped on a cover glass with a gold-plated 
membrane for 30 min. The cells were fixed with 4% formalin 
for 2-3 min and then washed with triple PBS for 10 min. The 
cells were then fixed with 1% osmic acid for 20-30 min and 
then washed with iced distilled water three times. The cells 
were soaked in the 2% tannin at 4˚C overnight, dehydrated 
using graded ethanol, and lyophilized by tertiary butyl alcohol 
overnight. Finally, the cells were coated using a vacuum spray 
plating instrument and images were captured.

Immunofluorescence. Immunofluorescent staining was used 
to compare the localization and expression of P-gp, MRP1 and 
GST-π in SK-N-SH /MDR1 exposed to optimum ultrasonic vs. 
sham irradiation. The cell slides were fixed with 2% parafor-
maldehyde and washed with PBS three times. The cell slides 
were blocked with rabbit serum for 10 min at room temperature 
and then incubated with rabbit polyclonal anti-P-gp antibody 
(diluted 1:200, Santa Cruz Biotechnology, Santa Cruz, CA, 
USA), rabbit polyclonal anti-MRP1 antibody (diluted 1:200, 
Santa Cruz Biotechnology) and rabbit polyclonal anti-GST-π 
antibody (diluted 1:200, Santa Cruz Biotechnology), respec-
tively, at 4˚C overnight. Negative controls were conducted by 
exchange of primary antibody for PBS. After rinsing with PBS, 
the cell slides were incubated with anti-rabbit IgG conjugated 
with TRITC (diluted 1:100, Sigma) for 1 h at 37˚C in darkness. 
The protein expression was observed by fluorescent micros-
copy after being counterstained with Hoechst and mounted 
with water-solubility mounting agents.

Western blotting. Western blot analysis was performed to 
investigate the expression of P-gp, MRP1 and GST-π. The 
cells were harvested and lysed in lysis buffer (0.5% Nonidet 
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P-40, 10 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA 
and 1 mM Na3VO4) supplemented with protease inhibitors and 
1 mM phenylmethylsulfonyl fluoride (PMSF). Equal amounts 
of proteins were separated by SDS-PAGE for western blot 
analysis, and the proteins were transferred to polyvinylidene 
fluoride (PVDF) membranes (Millipore Corp., Billerica, MA, 
USA), which were then blocked for 1 h with 5% non-fat milk 
in 10 mM Tris-HCl pH 7.5, 100 mM NaCl and 0.1% (w/v) 
Tween‑20. The membranes were first incubated with anti-
bodies against β-actin, P-gp, MRP1 or GST-π (all from Santa 
Cruz Biotechnology) overnight at 4˚C, followed by a 1.5-h 
incubation with horseradish peroxidase-conjugated secondary 
antibody. The protein signals were detected using an enhanced 
chemiluminescence kit (Biyuntian Biotech, Beijing, China) 
and analyzed using the Bio-Rad (USA) imaging system and 
the associated software according to the manufacturer's 
instructions.

Statistical analysis. Results are presented as the means ± stan-
dard deviation (SD). ANOVA and paired-samples t-test were 
performed to compare mean values between groups. The 
significance level was set at 5% for each analysis.

Results

Production of recombinant adenoviruses in HEK 293 cells. 
After culturing for 4-5 days, the HEK 293 cells transducted 
with the recombinant adenoviruses Ad-GFP-MDR1 and 
Ad-GFP transducted cells were observed floating in the 
media under a fluorescence microscope (Fig. 1). The viral 
titers of Ad-GFP-MDR1 and Ad-GFP ranged between 2.0 and 
3.0x109 plaque forming units (PFU)/ml.

Fluorescence and adenovirus quantification in SK-N-SH 
cells. The expression of GFP in SK-N-SH cells was observed 
48 h after transduction using flow cytometry. As shown in 
Fig. 2, the transduction efficiency increased with increasing 
concentrations of adenovirus. Both the survival rate (over 
80%) and the transduction efficiency (~90%) of SK-N-SH cells 
were relatively high when the adenovirus MOI = 100. Thus, 
an MOI = 100 was used in further experiments. A multidrug-
resistant cell line SK-N-SH/MDR1 was transduced from an 
SK-N-SH cell line of neuroblastoma with adenoviral vectors 
encoding the MDR1 and the GFP (Ad-GFP-MDR1).

Optimum irradiation of reversing MDR of SK-N-SH/MDR1. 
LIPUS may damage the structural integrity of the membrane 
of tumor cells mechanically via sonoporation (16-19). In our 
experiment, the effect of proliferation could be excluded by 
reason of detecting M value immediately after irradiation. As 
shown in Fig. 3, with the irradiation dose increased, sonopora-
tion enhanced, more MTT entered tumor cells as a result of cell 
membrane permeability increasing, M value increased. When 
the irradiation dose was beyond the peak, tumor cells were 
killed and M value decreased. It could be concluded that the 
largest number of anticancer drugs enter the living cells for the 
strongest permeability of cell membrane at the peak M value, 
and the peak M value of SK-N-SH /MDR1 for different doses 
of irradiation was the optimum ultrasonic. Thus, 0.3 MHz, 
1.0 W/cm2 and 40 sec was chosen as the optimum ultrasonic 
condition, so that the experimental conditions would be 
consistent for the next experiment.

Sensitivity to anticancer drugs. The MTT assay allowed us 
to verify the drug sensitivity of SK-N-SH, SK-N-SH/MDR1, 

Figure 1. GFP expression in HEK 293 cells transducted with the recombinant adenoviruses Ad-GFP-MDR1 and Ad-GFP (magnification, x100).

Figure 2. Transduction efficiency of SK-N-SH cells 48 h after transduction with Ad-GFP-MDR1 at different MOI. (A) MOI=10; (B) MOI=50; (C) MOI=100; 
(D) MOI=200.

https://www.spandidos-publications.com/10.3892/or.2013.2337


SUN et al:  REVERSAL OF MULTIDRUG RESISTANCE OF SK-N-SH/MDR1 BY LIPUS1942

and SK-N-SH/MDR1 with optimum ultrasound (SK-N-SH/ 
MDR1+U) to anticancer drugs DNR, ADM, VCR, CTX and 
5-FU, which are commonly used drugs in cancer therapy. 
As shown in Table  I, the MDR1 transductants exhibited 
decreased sensitivity to the anticancer drugs (P<0.05) which 
confirmed the multidrug-resistant cell line SK-N-SH/MDR1 
was constructed successfully. Notably, the IC50 of SK-N-SH/
MDR1 with the optimum irradiation was significantly lower 
than that of SK-N-SH and SK-N-SH/MDR1 cells, and the 
difference was statistically significant (P<0.05). This finding 
shows that the optimum irradiation could reverse the MDR of 
SK-N-SH /MDR1.

Effect of LIPUS on the morphology and microstructure of 
SK-N-SH/MDR1. To verify the effects of LIPUS on morphology 
and microstructure of SK-N-SH/MDR1, we observed the 
cells by microscopy following different doses of irradiation. 

We found that with an increase in irradiation intensity, the 
SK-N-SH/MDR1 became swollen and round. The clearest 
difference occurred at the optimum irradiation (Fig. 4B). As 
the intensity of irradiation increased continuously, the cells 
were injured, they became necrotic and condensed (Fig. 4C). 

To compare the changes prior to and following the 
optimum irradiation on a microstructural level, SEM was 
performed. In Fig.  5, SEM shows that SK-N-SH/MDR1, 
covered by microvilli on their cell surfaces, contained holes 
of various diameters in their cell membranes, and the number 
of microvilli was reduced (and even disappeared) following 
optimum irradiation.

Distribution and expression changes of P-gp, MRP and GST-π 
in SK-N-SH/MDR1 in optimum irradiation. Immunofluorescent 
staining revealed P-gp expression was significantly decreased 
in the membranes under the optimum irradiation, whereas 

Figure 4. The morphology of SK-N-SH/MDR1 with different doses of irradiation (magnification, x200). (A) SK-N-SH/MDR1 with sham irradiation; 
(B) SK-N-SH/MDR1 with optimum irradiation; (C) SK-N-SH/MDR1 with 0.3 MHz, 1.5 W/cm2, 200 sec ultra-irradiation.

Table I. IC50 (µg/ml) for DNR, ADM, VCR and CTX in SK-N-SH, SK-N-SH/GFP, SK-N-SH/MDR1 and SK-N-SH/MDR1+U.

	 IC50 (µg/ml)
	 --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cell line	 DNR	 ADM	 VCR	 CTX

SK-N-SH	 0.066±0.011	 0.065±0.017	 0.366±0.043	 2.039±0.213
SK-N-SH/GFP	 0.070±0.020	 0.047±0.028	 0.314±0.102	 1.930±0.572
SK-N-SH/MDR1	 0.629±0.092a	 0.484±0.118a	 1.526±0.184a	 8.022±1.044a

SK-N-SH/MDR1+U	 0.026±0.014b	 0.041±0.011b	 0.191±0.017b	 1.364±0.232b

Values are shown as the means ± SD. aP<0.05 analysis of IC50 of the same chemotherapy drugs in SK-N-SH/MDR1 compared with SK-N-SH. 
bP<0.05 analysis of IC50 of the same chemotherapy drugs in SK-N-SH/MDR1+U compared with SK-N-SH/MDR1.

Figure 3. The M value of different intensity ultrasonic. (A) 0.5 W/cm2 group; (B) 1.0 W/cm2 group; (C) 1.5 W/cm2 group.
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MRP and GST-π in the cytoplasm and nucleus, respectively, did 
not change significantly, as indicated by fluorescent-red stain 
(Fig. 6). The expression of P-gp, MRP, and GST-π in SK-N-SH 

by western blot analysis also revealed that P-gp was down-
regulated, but MRP and GST-π were not differently expressed 
under the optimum irradiation (Fig. 7).

Figure 5. The microstructure of SK-N-SH/MDR1 by scanning electron microscopy prior to and following optimum irradiation. (A) SK-N-SH/MDR1 with 
sham irradiation; (B) SK-N-SH/MDR1 with optimum irradiation.

Figure 6. Distribution and expression changes of the P-gp, MRP1 and GST-π in SK-N-SH/MDR1 in optimum irradiation as determined by immunofluorescent 
staining analysis (magnification, x400). (A-D) P-gp; (E-H) MRP1; (I-L) GST-π; (A, B, E, F, I and J) SK-N-SH/MDR1 with sham ultrasonic; (C, D, G, H, K 
and L) SK-N-SH/MDR1 with optimum ultrasonic; blue staining shows nucleus; green staining shows the GFP expression of Ad-GFP-MDR1; red staining 
shows multidrug resistance-related proteins.

Figure 7. Expression changes of the P-gp, MRP and GST-π in SK-N-SH/MDR1 in optimum irradiation as determined by western blot analysis. **P<0.05.
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Discussion

According to Jemal et al (20), malignant cancer is a leading 
cause of mortality  (24.45%). Chemotherapy is often inef-
fectual due to the MDR of some types of cancer. Tumor cell 
membrane barriers and the high expression of MDR-related 
proteins such as P-gp, MRP1 and GST-π are the critical factors 
blocking anticancer drugs from playing their role (21-23). HIFU 
demonstrates advantages in tumor treatment (24-26). However, 
HIFU has significant side-effects such as long treatment times 
that result in dermal burns and lack of absorption by necrotic 
tumor tissue (27,28). During the clinical application of HIFU, 
it was discovered that the fringe area of tumor tissue treated 
by LIPUS was more sensitive to anticancer drugs. In addition, 
even tissue that was insensitive to chemotherapy prior to HIFU 
therapy become sensitive, which confirmed that LIPUS could 
reverse the MDR of cancer cells. 

In our study, resistant cell line SK-N-SH/MDR1 was 
constructed, and it was confirmed that 0.3 MHz, 1.0 W/cm2, 
a duration of 40 sec was the optimum ultrasonic of reversing 
MDR of SK-N-SH/MDR1, through the experiments of sensi-
tivity to anticancer drugs. The tumor cell membrane barrier 
is one of the critical factors that block anticancer drugs. 
Under the optimum ultrasonic, we observed by microscopy 
that the SK-N-SH/MDR1 cells were plump but not killed, 
and we also found, using SEM, that the cell membranes were 
perforated and their permeability was increased. Thus, LIPUS 
enhances the permeability of tumor cell membranes, allowing 
a larger amount of anticancer drugs into the cells. Currently, 
the majority of reversal agents inhibit the function of P-gp 
by competitive inhibition; however, the dose required for a 
visible effect is so toxic that it prohibits their use in the clinical 
setting (29,30). According to our immunofluorescence and 
western blot results, the P-gp was sparsely distributed in the 
cell membrane and significantly reduced under the optimum 
ultrasonic P<0.01. However, MRP1 and GST-π in the cytoplasm 
and nucleus, respectively, were not significantly differently 
expressed P<0.05. We inferred that due to cell membrane 
damaged by sonoporation of LIPUS, P-gp was significantly 
reduced, and due to the structure and molecular environment 
of P-gp were destroyed, the discharge of anticancer drugs was 
reduced. The effect of optimum ultrasonic, however, was too 
low to damage the inner of cells and to kill cells, thus, MRP 
and GST-π expressed in the cytoplasm and nucleus were not 
affected.

According to previous reports (31-34), LIPUS may also 
strengthen the transport of genes, proteins, and drugs to 
target organ tissues and cells, consequently improving their 
therapeutic effects. LIPUS may therefore become an impor-
tant therapeutic modality in the future.

In conclusion, LIPUS can effectively reverse the MDR of 
SK-N-SH/MDR1. The underlying mechanism may involve 
damage to the cell structure and increased permeability of the 
cell membrane allowing more chemotherapeutic drugs to pass 
into the tumor cells. In addition, a reduction in the amount of 
P-gp due to LIPUS may prevent chemotherapeutic drugs from 
leaving the tumor cells. The potential of LIPUS in reversing 
MDR and improving the sensitivity to chemotherapeutic drugs 
provides a more targeted, safe, and stable method to treat 
tumors with fewer side-effects.
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