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Abstract. Glioblastoma (GBM) is an aggressive, malignant 
brain tumor marked by rapid growth and invasiveness. 
Ultrasound (US) stimulation has emerged as a potential thera‑
peutic approach for the management of GBM. Atorvastatin 
(ATO), a drug widely used to treat hyperlipidemia, has also 
been recognized for its anticancer properties, including inhi‑
bition of cell proliferation, induction of cell cycle arrest and 
promotion of apoptosis. Despite these promising attributes, the 
combined effectiveness of ATO and US stimulation in GBM 
treatment remains unclear. The present study aimed to explore 
the potential synergistic effects of ATO and US stimulation on 
C6 glioma cells. The optimal concentration of ATO and cali‑
brated US parameters were determined in the present study. 
The cells were treated with ATO or US, followed by assess‑
ments of cellular viability and reactive oxygen species (ROS) 
to establish the most effective ATO dose and US parameters. 
The cells were then treated with ATO, US or their combination, 
and cellular viability, ROS levels, ATP production, tumor cell 
migration and the impact on downstream molecular pathways, 
particularly the AKT/mTOR signaling pathway, which is key 
for cell survival and proliferation, were assessed. The present 
findings revealed that ATO independently suppressed glioma 
cell viability by elevating ROS levels and reducing ATP 
production, and it showed a trend toward impairing tumor 
cell migration. These effects were notably associated with 

downregulation of the AKT axis, which indicated disruption 
of key survival mechanisms within the tumor cells. However, 
the anticipated synergistic effect of combining ATO with US 
stimulation was not observed under the tested conditions, 
thus suggesting that US stimulation did not further augment 
the therapeutic effect of ATO. While the combination therapy 
did not yield additive benefits, ATO alone exhibited notable 
potential as a therapeutic agent against glioma. In conclusion, 
the present study highlighted the need for further research on 
the role of ATO to further harness its anticancer properties in 
the context of GBM treatment.

Introduction

Glioma is a common brain tumor arising from astrocytes, 
with glioblastoma [GBM; ICD‑10 code C71.9 (1) representing 
its most malignant form. GBM accounts for 15% of all brain 
tumors (2) and is characterized by rapid growth and high recur‑
rence, with a median progression‑free survival of 15 months 
and a high mortality rate (5‑year survival rate, 5.5%) (2). Its 
highly invasive nature often causes elevated intracranial 
pressure and compression of surrounding brain structures, 
which results in progressive neurological symptoms such as 
hemiplegia, aphasia, blurred vision and seizures (3). Despite 
standard treatment involving surgical resection followed by 
chemotherapy and/or radiotherapy, the recurrence rate remains 
high and the average survival time for patients is <1 year (4). 
One of the major challenges in GBM chemotherapy is the 
presence of the blood‑brain barrier (BBB), which restricts drug 
delivery to the tumor site. This limitation reduces the drug 
concentration in the target area, which potentially contributes 
to drug resistance and ultimately leads to treatment failure (5).

Ultrasonic stimulation has been developed as a treatment 
modality for brain tumors in preclinical studies  (6‑9). In 
addition to the thermal effect, ultrasound (US) can generate 
non‑thermal effects, such as cavitation, microstreaming and 
sonoporation, particularly when combined with US contrast 
agents (UCAs), which facilitate the temporary opening of the 
BBB (10,11). In vitro studies have demonstrated that sonopora‑
tion induced by US not only enhances cellular permeability 
to facilitate drug delivery but also generates free radicals and 
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reactive oxygen species (ROS) (12,13), which lead to mito‑
chondrial damage and apoptosis (14). In addition, increased 
ROS production following US exposure has been shown to 
effectively induce C6 glioma cell death (6,7). Furthermore, the 
combination of US and UCAs has been reported to increase the 
concentration of temozolomide in the brain via BBB opening 
and reduce glioma progression in animal studies (8,9).

Atorvastatin (ATO), a 3‑hydroxy‑3‑methyl‑glutaryl (HMG)‑CoA 
reductase inhibitor, is widely used for its antihyperlipidemic 
effect and in the secondary prevention of cardiovascular 
diseases, including ischemic stroke and myocardial infarc‑
tion (15). In animal experiments, statins including ATO have 
been shown to exert an anti‑glioma effect by inhibiting glioma 
cell proliferation, migration and cell cycle progression, as 
well as by inducing apoptosis (16). Statins exert these effects 
by blocking the mevalonate pathway and thus modulating 
downstream signaling pathways, such as Ras/Raf/ERK, 
PI3K/AKT and NF‑κB, which are involved in autophagy 
and metastasis  (16). Moreover, ATO has been reported to 
augment the anticancer effect of temozolomide through Ras 
and ERK‑related mechanisms to inhibit tumor growth (17). 
Clinical studies have further revealed that statins may improve 
long‑term survival in patients with GBM and reduce the inci‑
dence of brain tumors (18,19). Furthermore, while ATO has 
been reported to reduce ROS levels in cardiac muscle, it has 
also been associated with increased oxidative stress in skeletal 
muscle cells and oral squamous cell carcinoma (20‑22).

The AKT/PI3K/mTOR signaling pathway and the 
generation of ROS serve key roles in the pathophysiology 
and therapeutic resistance of GBM. Hyperactivation of the 
PI3K/AKT/mTOR pathway is one of the most frequently 
observed molecular abnormalities in GBM, largely due 
to mutations or loss of the tumor suppressor PTEN, which 
negatively regulates this signaling cascade (23). Targeting 
the redox balance in GBM cells, for example, by inhibition 
of antioxidant systems such as the glutathione or thioredoxin 
pathways, or by increasing ROS production, can sensitize 
tumors to therapy  (24). An in  vitro study demonstrated 
that inducing ROS generation in GBM cells subsequently 
suppresses AKT/mTOR pathway activity, which can lead to 
the induction of both apoptosis and autophagy. Notably, inhi‑
bition of ROS has been shown to attenuate these effects, thus 
confirming that ROS operates upstream in this regulatory 
axis (25). Similarly, Zhang et al (26) revealed that inhibition 
of cathepsin S elevated intracellular ROS, concurrently inhib‑
iting PI3K/AKT/mTOR signaling, resulting in autophagy and 
mitochondrial apoptosis in GBM cells, whereas the blockade 
of autophagy suppressed apoptosis, thus indicating that 
autophagy facilitates GBM cell death under oxidative stress. 
Complementing these findings, Yin et al (27) investigated the 
sensitization of GBM cells to temozolomide by curcumin and 
reported that the combination treatment markedly elevated 
ROS levels and enhanced inhibition of the AKT/mTOR axis 
compared with monotherapy; this synergistic enhancement 
of ROS production and signaling disruption led to increased 
apoptosis both in vitro and in vivo. Taken together, these 
mechanisms highlight the rationale for the investigation of 
agents such as ATO and US, which have been reported to 
modulate both ROS levels and the AKT/mTOR pathway, as 
potential adjuvants in GBM treatment strategies.

However, it remains unclear whether ROS generation and 
cellular death induced by US and ATO can produce a syner‑
gistic anti‑glioma effect. Therefore, the present study aimed to 
investigate the therapeutic potential of combining ATO with 
US stimulation and to elucidate the downstream mechanism 
involved in glioma cell suppression.

Materials and methods

Cell culture. As an in  vitro model, rat C6 glioma cells 
(Bioresource Collection and Research Center) were cultured 
in high‑glucose DMEM (containing 4.5 g/l glucose; Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS 
(Invitrogen; Thermo Fisher Scientific, Inc.). The cells were 
grown in a monolayer at 37˚C in a 5% CO2 humidified incu‑
bator. All experiments were conducted using cells at passages 
3‑6 to ensure reproducibility and to minimize variability 
in cellular behavior. Cells were trypsinized after reaching 
70‑80% confluence and were seeded in 24‑ and 96‑well plates 
according to the subsequent experiments.

ATO preparation. ATO calcium (C66H68CaF2N4O10·3H2O) 
was purchased from MilliporeSigma (cat. no.  PHR1422). 
ATO was diluted in DMSO to obtain different concentra‑
tions (1‑10 µM) and to determine the optimal cancericidal 
effect. The concentrations were selected based on prior 
studies in glioma cells (28,29). A pilot study was conducted 
to determine the optimal concentration of ATO based on cell 
viability and morphology, aiming for ~70% viability without 
noticeable cellular death. In the initial pilot experiment, cell 
survival was assessed across a range of 0‑10 µM ATO and a 
marked reduction in viability was observed at concentrations 
>5 µM, accompanied by marked morphological signs of cell 
death observed under a light microscope (Fig. 1B and C). 
Consequently, the ATO concentration range was refined to 
1‑5 µM and it was revealed that 2‑3 µM ATO provided the 
optimal balance, maintaining cell viability without inducing 
evident morphological damage (Fig.  1D  and  E), and this 
range was thus selected for subsequent experiments. DMSO 
concentration was kept at <0.1% in all groups and controlled 
accordingly. The best concentration of ATO, determined to be 
3 µM, was utilized for subsequent experiments.

US stimulation. A US device with a planar piezoelectric trans‑
ducer (ITO US‑700; ITO Physiotherapy & Rehabilitation) was 
used for stimulation. The parameters of US were set as 1 MHz, 
0‑3 W/cm2, 5‑20% duty cycle and 2 min stimulation. Best 
ultrasound intensity (high‑intensity US: 1 MHz, 1.5 W/cm2, 
duty cycle 5%, 2 min stimulation at room temperature; or 
low‑intensity US: 1 MHz, 0.2 W/cm2, duty cycle 20%, 2 min 
stimulation at room temperature) were adopted in subsequent 
experiments. The US stimulation settings were similar to 
those in our previous study (frequency of 1 MHz and intensity 
of 0‑0.8 W/cm2) to facilitate non‑thermal bioeffects, such as 
cavitation  (14,30). Regarding the choice of frequency and 
intensity, Hao et al (6) demonstrated that US at a frequency of 
0.5‑1 MHz and intensity of 1 W/cm2 induced apoptosis in C6 
glioma cells through ROS generation and calcium overload. 
Similarly, Li et al (7) applied US at 1 MHz and 0.5 W/cm2 
and observed notable ROS production and inhibition of C6 
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cell proliferation. Based on these previous studies, the present 
study selected a frequency of 1 MHz and an intensity range 
of 0‑3 W/cm² to optimize ROS generation. A fixed central 
frequency of 1 MHz ensured consistent acoustic condi‑
tions across all treatment groups (14,30), which allowed for 
controlled comparison of different intensity effects while 
minimizing variability associated with frequency modulation. 
Briefly, the well of the plate was placed in a tank filled with 
degassed water and sonicated at the center of the transducer; 
in order to deliver uniform mechanical wave, the bottom of the 
plate was placed perpendicularly to the probe with a 12.0‑cm 
distance after calculating the near field length of the trans‑
ducer (30). Sonazoid™ (Cytiva) was applied in conjunction 
with US to induce non‑thermal bioeffects including acoustic 
cavitation and tumor cell microstreaming. Prior to US expo‑
sure, the concentration and spatial distribution of Sonazoid 
microbubbles were evaluated using bright‑field microscopy. 
Images of multiple representative fields per well were captured 
and microbubble density was quantified using MATLAB 
software (version 9.9, R2020b; The MathWorks, Inc.) to ensure 
a consistent concentration of 1x108 microbubbles/mm2 across 
experimental wells. A total of 5 µl Sonazoid was added to each 

well containing 0.5 ml culture medium, based on standard 
protocols for microbubble preparation. A control group was 
prepared with Sonazoid alone, without subsequent US stimu‑
lation, to evaluate its baseline effect independent of acoustic 
exposure. The subsequent tests were performed after US 
stimulation. An infrared thermometer (TM‑909AL; Lutron 
Electronics Co., Inc.) was used to measure the temperature.

Cell viability assay. C6 cell survival after anti‑glioma treat‑
ment was measured with the AlamarBlue™ cell viability assay 
(Thermo Fisher Scientific Inc.). Cells were placed in 24‑well 
plates with 1 ml culture medium (7.5x104‑1x105 cells/well). 
Cells (1x105 cells/well) were treated with ATO (0‑10 µM for 
24 h at 37˚C) to determine the optimal cancericidal effect, and 
cells (7.5x104 cells/well) were also treated with ATO (0‑10 µM 
for 24 h at 37˚C) with high‑ or low‑intensity US. Subsequently, 
the cells were incubated for 24 h and then washed twice with 
PBS. AlamarBlue working solution was prepared by diluting 
the reagent 1:10 (v/v) in fresh culture medium. A total of 
1 ml of this solution was added to each well and incubated 
at 37˚C and 5% CO2 for 1  h. To account for background 
fluorescence and control inter‑well variability, blank wells 

Figure 1. Effect of ATO on the viability of C6 glioma cells. (A) Flow diagram. Effects of 1, 5 and 10 µM ATO on cell (B) viability (n=4) and (C) morphology 
at 24 h. (D) Extended dose‑response analysis at 24 h, which demonstrated survival rates (n=3) and (E) cellular morphology following treatment with 1, 2, 2.5, 
3 and 5 µM ATO. Scale bar, 200 µm. **P<0.01, ***P<0.001, ****P<0.0001. ATO, atorvastatin.
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containing only AlamarBlue working solution and medium 
(without cells) were included in each assay plate. Fluorescence 
intensity (excitation/emission 530/590  nm) was recorded 
using a microplate spectrophotometer (Infinite M200; Tecan 
Group, Ltd.). Background‑subtracted fluorescence values 
were used to calculate relative cell viability (%) as follows: 
(RFUtreatment‑RFUblank)/(RFUcontrol‑RFUblank) x100. Each test 
was performed at least in triplicate and a minimum of three 
tests was conducted on separate days.

ROS quantification. To detect the intracellular accumulation 
of hydrogen peroxide (H2O2), and thus ROS levels, a 10 mM 
2',7'‑dichlorodihydrofluorescein diacetate (DCFDA) stock 
solution (MilliporeSigma) was prepared. Briefly, C6 cells 
(1.5x105/well; 1 ml) were incubated with 10 µM DCFDA for 
30 min at 37˚C and subsequently underwent US according to 
the aforementioned settings (1 MHz, 0‑3 W/cm2) to determine 
the best US parameter. Next, the cells were treated with 0‑3 µM 
ATO for 24 h at 37˚C, followed by treatment with or without 
high‑intensity US in 24‑well plates. The cells were then imme‑
diately trypsinized and analyzed by flow cytometry (LSRII; BD 
Biosciences) and FlowJo software (v7.6; Becton, Dickinson & 
Company). Each experiment was performed at least in triplicate 
and a minimum of three experiments was conducted.

ATP detection. ATP serves a key role in cellular metabolism 
and can be used to determine mitochondrial function, as well 
as extent of cellular damage or death (31,32). Cellular ATP 
levels were measured using the Luminescent ATP Detection 
Assay Kit (cat. no. ab113849; Abcam) as per the manufacturer's 
protocol. Briefly, 1 ml (105 cells/ml) cells in a 24‑well plate 
received treatments: high‑intensity US, ATO (3 µM for 24 h 
at 37˚C), ATO + US or control (0.1% DMSO), and were then 
immediately lysed in 50 µl detergent from the Luminescent 
ATP Detection Assay Kit. Subsequently, substrate buffer 
(50 µl) was added and luminescence was detected using a 
microplate spectrophotometer (Infinite M200; Tecan Group, 
Ltd.). H2O2 was used as a positive control. At least three experi‑
ments were performed and each experiment was conducted at 
least in triplicate.

Tumor cell migration. The migration of C6 cells was assessed 
using a gap closure assay. Briefly, 70 µl cells (3x105/ml) were 
seeded in each well of an Ibidi Culture‑Insert (Ibidi GmbH) 
inside a 24‑well plate and were cultured in DMEM supple‑
mented with 1% FBS [this concentration of FBS was used to 
avoid cell proliferation (33)] for 24 h at 37˚C under 5% CO2. 
Before US stimulation, 1 µl Sonazoid was added to each well of 
the Ibidi Culture‑Insert. After being exposed for 4 h, the Ibidi 
Culture‑Insert was removed to leave a constant cell‑free gap. 
Cells were treated with ATO (concentrations 0, 1, 2 and 3 µM 
for 18 h at 37˚C) with or without US (1 MHz, 1 W/cm2, duty 
cycle 20%, 2 min stimulation at room temperature), and were 
then incubated for 18 h under the aforementioned conditions. 
Cell migration coverage was visualized using an inverted light 
microscope (IX71; Olympus Corporation) and was analyzed 
using ImageJ software (v1.54g; National Institutes of Health). 
Tumor migration was calculated using the formula: Migration 
coverage initial area‑Migration coverage area at 18  h/Migration 
coverage initial area (34).

Western blot analysis. The cells (1x105/ml) were treated 
with different regimens: High‑intensity US, ATO (3  µM 
for 24 h at 37˚C), ATO + US or control. After exposure, the 
cells were placed in an incubator for 10 min at 37˚C. RIPA 
lysis buffer (cat. no. 89900; Thermo Fisher Scientific, Inc.) 
was used for cell lysis and the samples were subsequently 
centrifuged at 13,000 x g for 10 min at 4˚C. The protein 
concentration was determined using the Bradford protein 
assay. After denaturation, the proteins (20 µg) were sepa‑
rated by electrophoresis on 4‑12% precast polyacrylamide 
gels (cat. no.  NW04125BOX; Invitrogen; Thermo Fisher 
Scientific, Inc.), and were transferred to PVDF membranes 
(MilliporeSigma). After transfer, the membranes were 
blocked in BlockPRO™ 1  Min Protein‑Free Blocking 
Buffer (cat. no.  BM01; Visual Protein; ENERGENESIS 
BIOMEDICAL CO., LTD.) for 1 min at room temperature. 
The membranes were incubated with the following primary 
antibodies diluted in SignalBoost™ Immunoreaction 
Enhancer Kit (cat. no. 407207; MilliporeSigma) overnight 
at 4˚C: Rabbit anti‑phosphorylated (p)‑mTOR (Ser2448) 
antibody (1:2,000 dilution; cat. no. GTX132803; GeneTex, 
Inc.), rabbit anti‑mTOR antibody (1:3,000 dilution; cat. 
no. GTX101557; GeneTex, Inc.), rabbit anti‑p‑AKT (Ser473) 
antibody (1:2,000 dilution; cat. no. GTX128414; GeneTex, 
Inc.) and rabbit anti‑AKT antibody (1:3,000 dilution; cat. 
no. GTX121937; GeneTex, Inc.), then with a HRP‑conjugated 
goat anti‑rabbit IgG heavy and light chain cross‑adsorbed 
secondary antibody (1:5,000 dilution; cat. no. A120‑201P; 
Fortis Life Sciences) for 1 h at room temperature. To confirm 
equal protein loading and normalization, the membranes 
were probed with an anti‑GAPDH antibody (1:10,000 
dilution; cat. no. 60004‑1‑Ig; Proteintech Group, Inc.) as a 
loading control, after which, the membranes were probed 
with a HRP‑conjugated goat anti‑mouse IgG heavy and light 
chain cross‑adsorbed secondary antibody (1:10,000 dilution; 
cat. no. A90‑216P; Fortis Life Sciences, LLC) for 1 h at room 
temperature. Finally, western blotting was visualized using 
Amersham™ ECL select western blotting detection reagent 
(Cytiva), images were recorded using the UVP BioSpectrum 
Image system (Analytik Jena AG) and were analyzed by 
ImageJ software (v1.54g; National Institutes of Health) as in 
a previous study (35).

Statistical analysis. All continuous data are presented as the 
mean ± standard deviation. One‑way ANOVA with Tukey's 
post hoc test was used for comparisons among multiple groups. 
P<0.05 was considered to indicate a statistically significant 
difference. Statistical analysis was performed using SPSS 
(version 15.0; SPSS, Inc.).

Results

Effect of ATO on the viability and ROS levels of C6 glioma 
cells. A flow diagram of the experimental protocol is shown in 
Fig. 1A. After 24 h of treatment with ATO, the viability of C6 
cells was assessed using the AlamarBlue assay. As shown in 
Fig. 1B, cell survival in the 1, 5 and 10 µM ATO‑treated groups 
was significantly lower compared with that in the untreated 
group, with the reduction becoming more pronounced as 
the ATO concentration increased (P=0.0095 for 1 µM and 
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P<0.0001 for both 5 and 10  µM). Similarly, as shown in 
Fig. 1D, cell survival progressively decreased with increasing 
ATO concentrations (1, 2, 2.5, 3 and 5 µM) compared with that 
in the untreated group. Although treatment with 1 µM ATO 
indicated no significant difference (P=0.3478), significant 
reductions were observed at 2 µM and higher concentrations 
(P=0.005 at 2 µM; P=0.0008 at 2.5 µM; P=0.0006 at 3 µM; 
and P<0.0001 at 5 µM). There was a significant decrease in 
cell viability for concentrations ≥2 µM (~90% cell viability) 
and cell morphology exhibited notable cellular death when 
ATO concentration exceeded 2 µM (Fig. 1C and E).

A flow diagram of the experimental protocol is shown 
in Fig. 2A. After 24 h of treatment with ATO, DCFDA was 
used to detect intracellular ROS levels. There was a significant 
increase in ROS production in response to ATO at concentra‑
tions ≥2 µM (Fig. 2B); compared with in the untreated group, 
ROS levels were significantly elevated at 2 µM (P=0.0066) 
and progressively increased at 2.5, 3 and 5 µM (all P<0.0001), 
which indicated a dose‑dependent enhancement in ROS 
generation (Fig. 2B and C). The C6 cells were pre‑treated 
with ATO for 24 h and then treated with DCFDA for 30 min. 
When C6 cells were treated with ATO for 1 h, there was an 
increasing trend in ROS production as the concentration of 
ATO increased.

Effect of US stimulation on the viability and ROS levels of 
C6 glioma cells. The C6 glioma cells received US stimulation 
and cell survival was measured after 1 h. The survival rate of 
C6 cells treated with different intensities of US (0, 1, 1.5, 2, 
2.5 and 3 W/cm2) was not suppressed when compared with 
the control group (Fig. 3). Cell morphology did not change 
after US stimulation despite the use of different intensities 

(data not shown). The thermal conditions were also monitored 
during exposure to different US intensities and no significant 
temperature elevation was observed (data not shown). A flow 
diagram of the experimental protocol is shown in Fig. 4A. 
Cells were pretreated with DCFDA for 30 min and US was 
delivered for 2 min. Notably, there was no significant change 
in ROS production when the intensity of US stimulation 
increased (Fig. 4B and C).

Combined effect of ATO and US on the viability and ROS 
levels of C6 glioma cells. After pre‑treatment with ATO for 

Figure 2. Effect of ATO on the ROS levels of C6 glioma cells. (A) Flow diagram. (B) ROS levels of C6 cells treated with 1, 2, 2.5, 3 and 5 µM, determined 
by flow cytometry (n=3). (C) Flow cytometry scatter diagrams. **P<0.01, ****P<0.0001. DCFDA, 2',7'‑dichlorodihydrofluorescein diacetate; ATO, atorvastatin; 
ROS, reactive oxygen species.

Figure 3. Effect of US stimulation on the viability of C6 cells (n=3). US, 
ultrasound.

https://www.spandidos-publications.com/10.3892/ol.2025.15213
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24 h, C6 cells were subjected to US stimulation, as per the 
flow diagram (Fig. 5A). The results of AlamarBlue staining 
demonstrated that as the concentration of ATO increased, cell 

viability was suppressed; cell viability was significantly lower 
in the 2 and 3 µM ATO groups without US compared with 
that in the untreated control group (P=0.002 and P<0.0001, 

Figure 4. Effect of US stimulation on the ROS levels of C6 glioma cells. (A) Flow diagram. (B) ROS levels of C6 cells treated with 1, 1.5, 2, 2.5 and 3 W/cm2 
US, determined by flow cytometry (n=3). (C) Flow cytometry scatter diagrams. DCFDA, 2',7'‑dichlorodihydrofluorescein diacetate; ROS, reactive oxygen 
species; US, ultrasound.

Figure 5. Combined effect of ATO and US on cell viability. (A) Flow diagram. (B) Cell survival in response to ATO combined with high US intensity 
(1.5 W/cm2, duty cycle 5%) (n=3). (C) Cell survival in response to ATO combined with low US intensity (0.2 W/cm2, duty cycle 20%) (n=3). **P<0.01, ***P<0.001, 
****P<0.0001. US, ultrasound; ATO, atorvastatin.
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respectively; Fig. 5B). A similar pattern was observed when 
high‑intensity US was applied, with a further reductions 
in cell viability observed in response to 2 and 3 µM ATO 
compared with that in the control group (P=0.0002 and 
P<0.0001, respectively). As shown in Fig. 5C, the suppres‑
sion of cell viability was even more pronounced than in 
the control group, both without and with low‑intensity US 
exposure, with significantly lower viability in the 2 and 3 µM 
ATO‑treated groups compared with that in the control group 
(all P<0.0001). However, US stimulation, whether under the 
condition of high intensity (1.5 W/cm2, duty cycle 5%) or low 
intensity (0.2 W/cm2, duty cycle 20%), did not have a syner‑
gistic effect on cell viability when used in combination with 
ATO. As shown in Fig. 5B and C, no significant differences 
in cell viability were observed between cells treated with 
ATO and US compared with those treated with ATO alone 
across 1, 2 and 3 µM concentrations.

Similar to the experimental process shown in Fig. 2A, for 
detection of ROS levels, US stimulation was applied before 
performing flow cytometry. The results indicated that as the 
concentration of ATO increased, intracellular ROS levels 
were significantly increased (Fig. 6A and B). ROS levels were 

significantly higher in the 2 and 3 µM ATO groups compared 
with those in the untreated control group, both without 
US (P=0.0012 and P<0.0001, respectively) and with US 
(P=0.0005 and P<0.0001, respectively). However, stimulation 
even with high US intensity (1.5 W/cm2, duty cycle 5%), did 
not have a synergistic effect on ROS generation when used in 
combination with ATO.

Effect of ATO and US on mitochondrial ATP production. As 
shown in Fig. 7, ATP levels were measured after the administra‑
tion of a control, US, ATO, a combination of US and ATO, and 
H2O2 (positive control). ATP levels were significantly reduced 
in response to the combination therapy compared with those 
in the negative control or US groups (P=0.0001; P=0.0003). 
ATP levels were significantly lower in the ATO‑treated group 
compared with those in the control group (P=0.0008) and were 
even further reduced in the ATO + US group compared with 
those in the control group (P=0.0001). When compared with 
the US group, both the ATO‑only group (P=0.0014) and the 
ATO + US group (P=0.0003) also demonstrated significantly 
lower ATP levels, which indicated that ATO treatment, with 
or without US, led to substantial ATP depletion. There was no 

Figure 6. Combined effect of ATO and US on ROS levels. (A) ROS levels (n=3). (B) Flow cytometry scatter diagrams. US intensity was set as 1.5 W/cm2, 
duty cycle 5%. **P<0.01, ***P<0.001, ****P<0.0001. ATO, atorvastatin; ROS, reactive oxygen species; US, ultrasound; DCFDA, 2',7'‑dichlorodihydrofluorescein 
diacetate.

https://www.spandidos-publications.com/10.3892/ol.2025.15213
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significant difference between the ATO or ATO + US groups, 
thus indicating that US stimulation did not reduce ATP levels. 
Furthermore, compared with in the control group, the positive 
control group exhibited attenuated ATP levels after treatment 
of H2O2.

Effect of ATO and US on tumor cell migration. The migra‑
tory ability of C6 cells was assessed using a gap closure assay. 
Compared with in the control group, cell migration exhibited 
a decreasing trend in response to both ATO and ATO + US 
for 18 h, but it was not significant (Fig. 8). Cell migration was 
not influenced by US stimulation compared with in the nega‑
tive control group. Furthermore, no significant differences 
in migration were observed between the ATO + US group 
and the ATO‑only group at 1, 2 and 3 µM concentrations, 
which indicated that US stimulation did not affect tumor cell 
migration when combined with ATO.

Effect of ATO and US on the AKT/mTOR pathway. Western 
blot analysis was performed to detect the expression levels of 
proteins in the AKT/mTOR pathway, which is associated with 
apoptosis. Both ATO and combination therapy downregulated 
the phosphorylation of AKT in C6 cells, which indicated 
decreased AKT activation (Fig.  9A  and  B). Notably, the 
phosphorylation levels were significantly lower in the ATO + 
US group and the ATO‑only group compared with those in 
the control group (P=0.0094 and P=0.0221, respectively), 
whereas the US‑only group indicated no significant difference 
compared with the control group (P=0.2458). Furthermore, 
there was no significant difference between the combination 

therapy and ATO alone groups (P=0.915), which suggested 
that US did not further enhance AKT inhibition. The down‑
stream signaling cascade demonstrated a decreasing trend in 
mTOR activity in the combination therapy group, although the 
difference was not statistically significant compared with that 
in the control group (Fig. 9A and C). These results indicated 
that ATO and combination therapy were associated with the 
AKT pathway.

Discussion

The present study demonstrated that treatment with ATO 
suppressed the survival and migration of glioma cells by 
increasing ROS levels and activating the AKT/mTOR pathway. 
However, no synergistic effect was observed when ATO was 
combined with US stimulation. These findings suggested that 
ATO alone may be considered a potential therapeutic agent for 
glioma treatment.

Although the present study did not demonstrate an addi‑
tional benefit of US in glioma cell treatment, US remains a 
promising therapeutic strategy for glioma treatment due to 
its complementary mechanisms of action. US has emerged 
as a potential tool in cancer treatment due to its ability to 
penetrate tissues and focus energy on specific areas (36). In 
particular, low‑intensity US is employed in sonodynamic 
therapy (SDT) to activate sensitizing agents and generate 
cytotoxic effects  (7). Previous studies have demonstrated 
that SDT, when combined with sonosensitizers such as 
hematoporphyrin monomethyl ether, enhances the thera‑
peutic effect on C6 glioma cells by inducing oxidative stress, 
disrupting mitochondrial function and activating apoptosis 
pathways (37,38). Moreover, the US‑induced production of 
ROS serves a key role in damaging tumor cells by targeting 
cellular membranes and intracellular components, which ulti‑
mately lead to cell death (7,39). Another notable advantage 
of US in cancer therapy is its ability to enhance the perme‑
ability of the BBB via transient disruption, which thereby 
allows for improved delivery of therapeutic agents to the 
brain (40,41). Additionally, high‑intensity focused US offers 
another therapeutic avenue through thermal ablation (42). 
This non‑invasive approach induces localized heating, which 
leads to apoptosis in cancer cells. The temperature elevation 
can exceed 60˚C, which leads to protein denaturation and 
cellular necrosis (42,43). Nevertheless, the present study did 
not successfully suppress the tumor survival rate or induce 
ROS in C6 glioma cells even with the administration of 
microbubbles; it may be hypothesized that this lack of effect 
is due to the differences between in vitro experimental condi‑
tions and in vivo or clinical settings.

The present study revealed the effectiveness of low‑dose 
ATO on suppression of tumor survival via ROS generation. 
ATO, as a member of the statin family, is widely known 
for its lipid‑lowering properties through the inhibition 
of HMG‑CoA reductase. However, beyond its cardiovas‑
cular benefits, ATO has demonstrated potential anticancer 
effects, particularly in glioma treatment via modulation of 
tumor proliferation, migration, apoptosis and angiogenesis, 
indicating that it may be a promising candidate for adjuvant 
cancer therapy (44,45). ATO has been documented to inter‑
fere with the mevalonate pathway and inhibit the prenylation 

Figure 7. Combined effect of ATO and US on ATP levels (n=3). **P<0.01, 
***P<0.001, ****P<0.0001. ATO, atorvastatin; US, ultrasound.
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of proteins such as Ras, Rac1 and Rho, which serve key roles 
in tumor growth, migration and apoptosis  (28,29,46,47). 
Moreover, ATO has been shown to inhibit glioma cell migra‑
tion and invasion, processes that are central to the aggressive 
nature of GBM (48). The suppression of Ras/Rho signaling 
pathways, in particular, is key to limiting the invasive behavior 
of glioma cells, which typically infiltrate surrounding brain 
tissue, making complete surgical removal difficult (49). ATO 
also modulates the expression of apoptosis‑related proteins 
(such as caspase‑3 and Bcl‑2), which promote the activation 
of pro‑apoptotic factors such as Bax and caspase‑3, while 
downregulating anti‑apoptotic proteins such as Bcl‑2 (50). 
This dual effect enhances the susceptibility of glioma 
cells to programmed cell death, which thereby reduces 
tumor growth and progression  (44,50). Additionally, the 
ability of ATO to reduce cholesterol synthesis in glioma 
cells is particularly relevant given the role of cholesterol in 
supporting tumor growth. Glioma cells, similar to several 
other cancer cells, exhibit a reprogrammed metabolic profile 
that includes increased cholesterol uptake and synthesis 
to meet the demands of rapid cell proliferation (16,51). By 
targeting cholesterol metabolism, ATO not only inhibits 

the availability of essential lipids for tumor growth but also 
disrupts the formation of lipid rafts, which are specialized 
membrane microdomains that are involved in cell signaling 
and cancer progression (52,53).

Despite the promising results from ATO alone, combining 
it with US did not demonstrate additional efficacy in terms of 
cell viability, ROS production or migration. Previous studies 
have reported on the combination of statins and US‑based 
therapies. In contrast to the present study, which evaluated the 
effects of ATO (0‑5 µM) combined with US at 1 MHz and 
intensities ≤1 W/cm² on C6 glioma cells, previous studies have 
applied different US parameters and cancer models, which 
has led to distinct outcomes. Liao et al (54) investigated FaDu 
head and neck cancer cells using pulsed US (1 W/cm², six 
30‑sec bursts) with 12 mg/ml cisplatin‑loaded microbubbles in 
combination with ATO (10‑20 µM), and demonstrated notable 
reductions in cell viability and glutathione levels, indicating a 
synergistic cytotoxic effect. Xu et al (55) used low‑frequency 
US (80 kHz, 0.45 W/cm² for 30 sec) in combination with micro‑
bubbles and simvastatin (3 µM) in DU145 prostate cancer cells, 
which resulted in enhanced apoptosis, and downregulation of 
caveolin‑1 and p‑AKT. Similarly, Li et al (56) employed US at 

Figure 8. Tumor cell migration experiments. (A) Gap closure assay was used to assess tumor cell migration. Scale bar, 200 µm. (B) Quantification of tumor 
migration coverage after ATO treatment with or without US (n=6). ATO, atorvastatin; US, ultrasound.

Figure 9. Western blot analysis results. (A) Western blot analysis of proteins associated with the AKT/mTOR pathway. Semi‑quantification of (B) p‑AKT/AKT 
(n=3) and (C) p‑mTOR/mTOR (n=3). *P<0.05, **P<0.01. ATO, atorvastatin; US, ultrasound; p‑, phosphorylated.
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0.6 W/cm² with 20% microbubbles and simvastatin (12 µM) 
on MCF‑7 breast cancer cells, and demonstrated notable 
apoptosis induction. Compared with these previous studies, 
the use of relatively high‑frequency US (1 MHz) and lower 
ATO concentrations (≤5 µM) in glioma cells in the present 
study did not yield a synergistic effect. US typically works 
by increasing permeability of the BBB for chemotherapy 
delivery or the promotion of localized heating (41,57), which 
may not synergize with the biochemical pathways targeted by 
statins. According to the present results, C6 glioma cells have 
a threshold response to ATO, which is not further improved 
by additional physical treatments such as US, thus indicating 
that the cellular pathways activated by ATO were already 
maximally engaged at therapeutic doses. In animal models, 
US has been used to temporarily open the BBB to facilitate 
drug delivery to the CNS (58). However, the present in vitro 
setting was unable to replicate this condition. Regarding the 
cell type, GBM cells may have distinct resistance mechanisms 
and a dense extracellular matrix, which potentially limits the 
extent of sonoporation and drug penetration compared with 
other cancer types, such as breast or prostate cancer. Finally, 
previous studies often observed synergy when US enhanced 
the intracellular delivery of chemotherapeutics such as cispl‑
atin. By contrast, statins exert their anticancer effects largely 
through metabolic and redox pathways, such as the mevalonate 
pathway and glutathione levels, which may not be as sensitive 
to increased cellular uptake facilitated by microbubble cavita‑
tion. Thus, the lack of observable synergy may stem from the 
mismatch between the mechanisms of ATO action and the 
mechanical effects induced by US in GBM cells.

ATO, primarily known for its cholesterol‑lowering effects, 
has been highlighted as a potential antitumor agent, particu‑
larly against glioma, such as in C6 glioma cells (51). Glioma 
cells exhibit a unique dependency on cholesterol, which is 
key for their rapid proliferation, relying on external sources 
of cholesterol due to their altered metabolic profiles (44,51). 
By blocking HMG‑CoA reductase, ATO reduces the 
synthesis of cholesterol within glioma cells, which leads to 
impaired membrane integrity and reduced cellular signaling 
capabilities, and ultimately hinders tumor growth  (45,59). 
ATO may enhance the efflux of cholesterol from glioma 
cells by activating liver X receptors to regulate genes (such 
as ATP‑binding cassette sterol transporters ABCG5 and 
ABCG8) involved in cholesterol transport and metabolism, 
which promotes the removal of excess cholesterol from cells 
and potentially leads to reduced tumor aggressiveness (60). By 
lowering intracellular cholesterol levels, ATO can disrupt lipid 
raft integrity; this disruption can impair signaling pathways, 
such as the PI3K/AKT pathway, which promote cell survival 
and proliferation, which makes glioma cells more susceptible 
to apoptosis (61,62).

The antitumor effects of ATO are mediated through 
several key signaling pathways, including the PI3K/AKT, 
MEK/ERK, mTOR and NF‑κB pathways  (44,45). The 
PI3K/AKT signaling pathway is key for cell survival and 
proliferation. In numerous cancer types, including gliomas, 
this pathway is often hyperactivated due to mutations 
in upstream regulators. ATO has been shown to inhibit 
this pathway by reducing the phosphorylation of AKT 
or disrupting the interaction between Ras and PI3K (63). 

This inhibition promotes apoptosis in C6 glioma cells, as 
lower AKT activity is associated with increased cell death 
and reduced proliferation (64). In terms of MEK/ERK and 
Ras/Raf/ERK pathway modulation, ATO has been revealed 
to inhibit ERK phosphorylation, which is essential for the 
activation of downstream targets involved in cell prolifera‑
tion and differentiation (65). By blocking this pathway, ATO 
reduces the expression of pro‑angiogenic factors such as 
vascular endothelial growth factor and basic fibroblast growth 
factor, which are often upregulated in tumors (66). Regarding 
the inhibition of mTOR signaling, ATO has been reported to 
inhibit mTOR signaling indirectly through its effects on the 
PI3K/AKT pathway (67). When AKT is inhibited by ATO, 
downstream mTOR signaling is also suppressed, which leads 
to reduced protein synthesis and tumor cell proliferation, as 
well as increased sensitivity to chemotherapy agents for the 
enhancement of overall therapeutic efficacy (67). Moreover, 
modulation of the NF‑κB pathway by ATO contributes to its 
ability to induce apoptosis and inhibit tumor growth (68,69). 
The reduction in NF‑κB activity aligns with enhanced 
expression of pro‑apoptotic factors, such as caspase‑related 
cascades, while decreasing levels of anti‑apoptotic proteins, 
such as Bcl‑2, in C6 glioma cells specifically (68).

The current study presents several strengths that enhance 
its scientific value. First, it investigated the combinatory effects 
of ATO and US stimulation on glioma cells, providing novel 
insights into their potential interaction. The use of quantitative 
assays facilitated a mechanistic understanding of the observed 
cellular responses. The present study also contributed to high‑
light the antitumor potential of ATO in translational relevance 
for developing adjunctive glioma therapies. Furthermore, 
observational clinical studies have highlighted the ongoing 
controversy surrounding long‑term statin use, revealing 
inconsistent results regarding the association between statins 
and the incidence or overall survival rates of GBM (18,70‑72). 
While more research is needed to fully understand these rela‑
tionships, the potential role of ATO as a therapeutic agent in 
glioma treatment warrants further investigation.

Notably, the present in vitro experiments face several limi‑
tations that can impact the reliability and applicability of the 
findings. First, the C6 glioma cell line, derived from rat brain 
tumors, may not fully replicate the biological behavior, genetic 
heterogeneity or treatment resistance commonly observed 
in human GBM. Their growth characteristics, response to 
treatments, oncogenic signaling pathways and genetic profiles 
can markedly differ from those in human glioma cells (73). 
Furthermore, in vitro models lack the complex tumor micro‑
environment present in actual brain tumors, such as dynamic 
interactions with immune cells, stromal and endothelial cells, 
vascular structures and the extracellular matrix (73). Second, 
the concentrations of ATO or US parameters used in vitro may 
not reflect clinically relevant dosages. High concentrations that 
effectively suppress C6 cell proliferation in culture may not 
be achievable or safe in vivo. Extrapolating the dose‑response 
relationship to in  vivo conditions is challenging. Finally, 
common assessments, such as cell viability assays, may not 
provide a comprehensive view of treatment effects. They fail 
to account for subtler changes such as alterations in cellular 
metabolism or apoptosis pathways that might occur without 
significant changes in cell count. These limitations highlight 
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the need for careful interpretation of results from current 
glioma studies and underscore the importance of validating 
findings through complementary in vivo experiments.

In the present study, ATO exhibited notable anticancer 
effects on glioma cells through various mechanisms, primarily 
centered around the modulation of key signaling pathways 
involved in tumor growth and survival. Its ability to enhance 
the efficacy of therapeutic strategies positions ATO as a poten‑
tial candidate for adjunctive therapy in the treatment of glioma. 
Further clinical studies are warranted to fully elucidate the 
potential benefits of ATO in this context.

In conclusion, the treatment of glioma cells with ATO 
suppressed their survival by increasing ROS levels and 
enhancing the tumor cell AKT/mTOR pathway. However, no 
synergistic effect was observed when combining ATO with 
US stimulation. These findings indicated that ATO may hold 
promise as a potential therapeutic agent for glioma treatment.
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