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Curcumin combined with low-intensity ultrasound suppresses the growth of
glioma cells via inhibition of the AKT pathway
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Malignant glioma is the most lethal form of brain cancer, and effective therapeutic modalities remain unavailable to date.
We aim to investigate whether low-dose curcumin combined with low-intensity ultrasound (LIUS) effectively suppresses
the growth of glioma cells and elucidate the underlying mechanisms. Glioma cells were treated with LIUS and curcumin.
Subsequently, the effects of LIUS and curcumin on glioma cells were determined by CCK-8 assay, EAU assay, and flow
cytometry analysis, respectively. Western blot analysis was performed to examine the levels of apoptosis-associated proteins
and the proteins related to the AKT pathway. The proliferation assay showed that combined treatment with LIUS and
curcumin synergistically decreased proliferation in glioma cells. And cell apoptosis was promoted after LIUS-curcumin
combination treatment, characterized by the occurrence of more apoptotic cells and a significant increase in Bax level and
attenuated Bcl-2 expression. Moreover, the role of LIUS-curcumin combination in downregulation of the AKT pathway was
observed. The AKT pathway activator SC79 reversed apoptosis and anti-proliferation induced by combined treatment with
LIUS and curcumin. Our findings show that LIUS in combination with low-dose curcumin synergistically suppresses the
growth of glioma cells via inhibition of the AKT pathway. LIUS plus curcumin may be a promising therapeutic strategy for
preventing glioma growth.
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Glioma is one of the most common types of malignant
brain tumors, with high morbidity and mortality [1]. Combi-
nation therapy with temozolomide and radiotherapy, which
is the standard of care for glioma, has increased the median
overall survival by only 15-20 months [2]. Therefore, the
development of novel therapeutic modalities for glioma is
urgently needed.

Wang et al. reported that curcumin exerted suppressive
effects against the growth of glioma cells [3]. Extensive studies
have demonstrated that the anticancer effects of curcumin
were primarily attributable to the induction of apoptosis and
cell cycle arrest via targeting multiple signaling pathways [4,
5]. However, the poor solubility and limited bioavailability
of curcumin alone limit its application in preventing glioma
growth [6]. To enhance the therapeutic effect of curcumin
and limit the side effects due to higher dosages, the concomi-
tant use of another therapy is proposed.

Our previous publication showed that low-intensity ultra-
sound (LIUS) promoted glioma cell apoptosis [7]. Further-
more, the ultrasound is known to transiently increase the

permeability of biological barriers, such as cell membranes
and blood vessels, thereby increasing the intracellular uptake
of drugs [8, 9].

The phosphoinositide 3-kinase (PI3K)/AKT/mTOR
signaling pathway is one of the most frequently activated
pathways in various human tumors, exhibiting the major
survival pathway and promoting tumorigenesis [10-14].
And this pathway modulates multiple oncogenic processes,
such as cell proliferation, angiogenesis, differentiation,
apoptosis, and autophagy [15]. Therefore, inhibition of the
AKT pathway may be a potential treatment option against
human glioma [16]. In glioma cells, anti-tumor effects and
suppression of the PI3K/AKT pathway were observed when
using curcumin treatment [17, 18]. However, due to the
solubility and bioavailability issues of curcumin, it is diffi-
cult to deliver sufficient levels of curcumin to tumor cells.
LIUS has been proved to promote the delivery of cytotoxic
curcumin to cells in oral carcinoma [19].

In accordance with these findings, we hypothesized that
combined treatment with low-dose curcumin and LIUS



CURCUMIN PLUS LIUS SUPPRESSES THE GROWTH OF GLIOMA CELLS

291

would achieve synergistic anti-tumor effects. Furthermore,
we postulated that this effect is likely achieved via inhibition
of the AKT pathway.

Materials and methods

Cell line culture. Human glioma cell lines U87 (ATCC)
(glioblastoma of unknown origin) and U251 (RIKEN) (astro-
cytoma) were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). All cells were
cultured in Dulbeccos modified Eagles medium (DMEM,
HyClone, USA), supplemented with 10% fetal bovine serum
(FBS, HyClone, USA) and 1% penicillin-streptomycin in a
humidified atmosphere of 5% CO, at 37°C.

Ultrasonic exposure and grouping. The EMS-9 ultra-
sound generator (Shenzhen Delica Company, China) used
in this experiment was operated at a frequency of 2 MHz.
We sonicated each sample separately by moving the plate to
the target of LIUS. First, we utilized a variety of ultrasonic
intensities, and groups were divided into 50.4, 83.4, 142.0,
290.0, and 474.0 mW/cm?, respectively. Then, curcumin was
dissolved in dimethyl sulfoxide (DMSO) to produce a 50 mM
stock solution. The concentrations of curcumin were set as
follows: 5, 10, 15, and 20 uM. Curcumin (458-37-7) and the
AKT pathway activator SC79 (305834-79-1) were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

To explore the effects of combined treatment with LIUS
and curcumin on glioma cells, the following groups were
defined: 1) untreated control group; 2) LIUS; 3) curcumin;
and 4) the combination of curcumin and LIUS (curcumin
+ LIUS). Glioma cells in curcumin and curcumin + LIUS
groups were cultured with curcumin (10 puM) in the dark.
Cells in the LIUS and curcumin + LIUS groups were subject
to ultrasonic exposure (83.4 mW/cm?) for 60 s in the dark.
After 24 h of incubation, these cells were used for further
experiments.

To further determine combined treatment with LIUS
and curcumin-induced anti-cancer effects via inhibition of
the AKT pathway, we employed the AKT pathway activator
SC79. Treated glioma cells were divided into four groups:
control group, SC79 group, curcumin + LIUS group, and
curcumin + LIUS + SC79 group.

Cell counting kit-8 (CCK-8) assay. Cell viability was
measured using the Cell counting kit-8 (CCK-8; Dojindo
Molecular Technologies, Gaithersburg, USA) based on the
manufacturer’s indication. Briefly, glioma cells were planted
into 96-well plates and cultured with different treatments for
24 h. Then, 10 ul CCK-8 test solution was added to each well,
and the plates were incubated for 2 h at 37°C. Absorbance
values were measured at 450 nm using a microplate reader
(Thermo Fisher Scientific, Inc., USA).

5-Ethynyl-2’-deoxyuridine (EdU) assay. U87 and U251
cells were planted into 96-well plates and incubated for 24 h
after different treatments. The Cell Light EQU DNA imaging
kit obtained from RiboBio (Guangzhou, China) was used to

determine cell proliferation according to the manufacturer’s
guide. Subsequently, the nuclei could be observed using an
inverted fluorescence microscope (Nikon, Japan). The quanti-
tative data were presented as the percentage of EdU-positive
nuclei relative to the total number of nuclei counted.

Flow cytometry analysis. Apoptosis was evaluated with
the Annexin V-FITC Apoptosis Detection kit (BD Biosci-
ences, USA). Glioma cells (2x10° cells/well) were seeded
into 6-well plates and subjected to different treatments. After
24 h, the cells were harvested and washed with PBS, and
resuspended in 100 pl of 1x binding buffer, followed by the
addition of 5 ul of propidium iodide (PI) and 5 pl of Annexin
V-FITC to the cell suspension. The cells were incubated for
15 min in the dark at room temperature. Then, 400 ul of 1x
binding buffer was added to each tube. Flow cytometry was
carried out to evaluate cell apoptosis using a FACSAria Flow
Cytometer (BD, USA).

Western blot analysis. Glioma cells after different
treatments were lysed in ice-cold RIPA buffer (Beyotime,
Shanghai, China) for 15 minutes. Total protein concentra-
tions were determined by a BCA kit (Beyotime, Shanghai,
China). Afterward, protein samples were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred onto a polyvinylidene
difluoride membrane using wet transfer at 80 V for 60 min,
and 120 V for 60 min. Nonspecific binding sites were blocked
with 5% skim milk powder at room temperature for 2 h and
the membranes were incubated with primary antibodies as
follows: Bax (1:2000, ab32503) and Bcl-2 (1:1000, ab196495)
were purchased from Abcam (Cambridge, UK). AKT (1:1000,
#9272) and p-AKT Ser473 (1:1000, #4060) were acquired
from Cell Signaling Technology (Danvers, Mass). Secondary
antibody (1:2000, SA00001-2) and anti-GAPDH antibody
(1:10000, 10494-1-AP) were purchased from Proteintech
(Chicago, IL, USA). An Image Lab software was employed to
detect the protein bands and proteins were visualized using
an enhanced chemiluminescent substrate (Thermo Fisher
Scientific, Inc.).

Statistical analysis. All experiments were independently
repeated at least three times. Values were analyzed with SPSS
19.0 software (IBM Corp., Armonk, NY, USA) or GraphPad
Prism 6.01 software (La Jolla, CA, USA) and presented as
mean * standard deviations (SD). Continuous data were
analyzed with a one-way ANOVA followed by Tukey’s post
hoc test for multiple group comparison. A p-value <0.05 was
considered as significant.

Results

Effects of LIUS and curcumin on glioma cell viability.
To determine the effect of various ultrasonic intensities
(50.4, 83.4, 142.0, 290.0, and 474.0 mW/cm?) on glioma cell
viability, CCK-8 assay was carried out after sonication. The
viability rates of glioma cells showed a reducing tendency
with elevated ultrasonic intensity (Figure 1A). The results
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demonstrated that LIUS suppressed the growth of glioma To evaluate the effect of different concentrations (5, 10,
cells in an intensity-dependent manner, but that there was 15, and 20 uM) of curcumin on cell viability, U87 and U251
no obvious effect when the sonication intensity was below  cell viability was measured by CCK-8 assay after incubation
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Figure 1. The effects of LIUS and curcumin on the proliferation of glioma cells as analyzed by CCK-8 assay and EdU assay. A) The effect of varying ul-
trasonic intensities on the growth of glioma cells. B) The effect of various curcumin concentrations on U87 and U251 cells. C) CCK-8 assay showed that
the combination of curcumin and LIUS suppressed glioma cell viability in a synergistic manner. D) EdU assay further confirmed that curcumin plus
LIUS significantly inhibited the proliferation of glioma cells. Scale bars 100 um. **p<0.01 and **p<0.001 vs. the control group. *p<0.01 and **p<0.001
vs. the LIUS group. ¥p<0.05, **p<0.01, and ***p<0.001 vs. the curcumin group. Assays were performed in triplicate and data are shown as mean + SD.
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between the control group and the DMSO group, demon-
strating that DMSO itself did not influence the viability of
glioma cells. The cell viability rates were significantly reduced
with increasing concentrations of curcumin, suggesting that
higher concentrations of curcumin could be toxic to these
cells (Figure 1B). These findings demonstrated that curcumin
suppressed the growth of glioma cells in a dose-dependent
manner, although practically no significant effect was found
for curcumin concentrations below 10 uM.

Combination treatment of curcumin and LIUS syner-
gistically reduces glioma cell viability. To explore the effect
of combined treatment with LIUS and low-dose curcumin
on the growth of glioma cells, CCK-8 and EdU assays were
performed to determine the proliferative activity of glioma
cells. As presented in Figures 1C, D, glioma cells were treated
with LIUS (83.4 mW/cm?), curcumin (10 pM), and their
combination for 24 h. CCK-8 assay showed that the cell
viability rates of U87 cells in LIUS group, curcumin group,
and curcumin + LIUS group were 94.8+6.2%, 91.5+8.2%,
and 70.9%2.4%, respectively; the viability rates of U251
cells were 92.6+2.6%, 90.9+3.2%, and 66.6+1.8%, respec-
tively (Figure 1C). Relative to the curcumin alone group, the
inhibitory cell viability of the curcumin + LIUS group was
3.4-fold and 3.7-fold that of the curcumin group in U87 and
U251 cells. Similarly, the EQU assay showed that the number
of EdU-positive glioma cells in the curcumin + LIUS group
was significantly reduced compared with that in the other
three groups (Figure 1D). There was no significant differ-
ence among the control group, LIUS group, and curcumin
group. These data indicated that LTUS in combination with
curcumin synergistically reduced glioma cell proliferation.

Combination treatment of curcumin and LIUS syner-
gistically promotes glioma cell apoptosis. Flow cytom-
etry assay was carried out to determine whether LIUS plus
curcumin could increase apoptosis in glioma cells. The
apoptosis rate of U87 and U251 cells in the curcumin + LIUS
group was 20.2+1.5% and 22.3%£2.2%, respectively, which

was significantly higher than that of the control (7.6+0.5%
and 7.8+0.6%, respectively), LIUS-alone (8.3+0.6% and
9.5+1.0%, respectively), and curcumin-alone groups
(9.7+0.8% and 10.8+1.2%, respectively) (Figures 2A, 2B). The
protein expression of Bax and Bcl-2 in U87 and U251 cells
was detected by western blot analysis, the results demon-
strated that there was no significant difference in the protein
expression of Bax and Bcl-2 in U87 and U251 cells among
the control group, LIUS group, and curcumin group (Figures
3A, 3B). The protein expression of Bcl-2 in U87 and U251
cells was attenuated, and that of Bax was augmented in the
curcumin + LIUS group relative to the other three groups.
These results demonstrated that curcumin in combination
with LIUS significantly increased glioma cell apoptosis.
Synergistic inhibition of the AKT pathway in glioma
cells by combined treatment with curcumin and LIUS.
In consideration of the crucial role of the AKT pathway
in modulating cell survival in diverse types of tumors, we
investigated whether LIUS in combination with curcumin
inhibited the growth of glioma cells via inhibition of the
AKT pathway. The results of western blot analysis showed
that the ratio of phosphorylated AKT to total AKT was
significantly decreased in LIUS and curcumin combination
treatment contrasted to control, LIUS, and curcumin alone
groups (Figures 3A, 3B). The above results indicated that the
cytotoxicity of combined treatment with LIUS and curcumin
may be associated with the inhibition of the AKT pathway.
Effects of the AKT pathway on glioma cell apoptosis
and anti-proliferation induced by the combination of
LIUS and curcumin. To ascertain that the anti-tumor effects
induced by the combination of LIUS and curcumin occurred
via inhibition of the AKT pathway, we used the AKT pathway
activator SC79. EAU and CCK-8 assays revealed that inacti-
vation of the AKT pathway strongly sensitized U87 and
U251 cells toward the cytotoxicity of LIUS in combination
with curcumin (Figures 4A, 4B). The inhibitory cell viability
induced by LIUS and curcumin in combination was rescued
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Figure 2. Apoptosis rate in U87 and U251 cells was detected by flow cytometry assay. A, B) The combination of LIUS and curcumin significantly pro-
moted the apoptosis of glioma cells compared with the other three groups. ***p<0.001 vs. the control group. **p<0.001 vs. the LIUS group. **p<0.001
vs. the curcumin group. Assays were performed in triplicate and data are presented as mean * SD.
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Figure 3. Levels of apoptosis-associated proteins and the proteins related to the AKT pathway in glioma cells treated with LIUS and curcumin. A, B)
Western blot analysis showed that combined treatment with LIUS and curcumin significantly elevated Bax expression, while attenuated Bcl-2 level con-
trasted to the other three groups. Additionally, the ratio of p-AKT/AKT was decreased in the curcumin + LIUS group compared with that in the other
three groups. **p<0.01 and ***p<0.001 vs. the control group. *p<0.01 and **p<0.001 vs. the LIUS group. *p<0.01 and ***p<0.001 vs. the curcumin
group. Assays were performed in triplicate and data are shown as mean + SD.

when treatment with SC79, suggesting that the AKT pathway
is required for the inhibitory effects induced by LIUS-
curcumin combination.

Flow cytometry assay showed that cells co-treated with
SC79 and curcumin +LIUS had a lower apoptotic rate than
those with curcumin + LIUS treatment (U87: 8.0+£0.9% vs.
20.3+2.0%; and U251: 7.6+0.7% vs. 24.0+1.9%, Figure 4C).
As presented in Figure 4D, co-treatment with SC79 and
curcumin + LIUS significantly attenuated Bax expression but
augmented the levels of Bcl-2 and p-AKT/AKT, suggesting
that the apoptosis process was suppressed when compared
with the LIUS-curcumin combination. Hence, activation of
the AKT pathway using SC79 treatment could reverse the
promotion of cell apoptosis mediated by LIUS and curcumin
in combination. The above results indicated an involvement
of the AKT pathway in regulating both cell apoptosis and the
anti-proliferation process caused by LIUS-curcumin combi-
nation.

Discussion

Within a certain range of ultrasonic intensity, cell prolif-
eration decreases with the increase of ultrasonic inten-
sity. When it exceeds the maximum range, cell structure
and morphology might be changed or even damaged. In
this study, the viability rates of glioma cells presented a
decreased tendency with the increase of ultrasonic intensi-
ties. In contrast to the control group, there was no significant
effect on glioma cell viability when the ultrasonic intensity
was below 83.4 mW/cm?. These findings reveal that LIUS
individually inhibited the proliferation of glioma cells in an
intensity-dependent manner.

Numerous studies on the anti-tumor activities and mecha-
nisms of curcumin have been widely investigated both in vivo
and in vitro. Wang et al. explored the anti-tumor mechanisms
of curcumin in treating gastric cancer by downregulating
the STAT3 signal pathway [20]. Curcumin exerted anti-

tumor effects on diffuse large B cell lymphoma via regulating
PPARY expression [21]. In this study, compared with the
control group, there was a significant difference in glioma cell
viability with curcumin concentration greater than 10 pM.
And with the increase of curcumin concentration, the cell
viability significantly decreased, indicating that curcumin
inhibited the proliferation of glioma cells in a dose-depen-
dent manner.

As a promising technique, LIUS has been able to open the
blood-brain barrier and promote the delivery of a series of
therapeutic agents, including low-molecular-weight drugs
and antibodies [22]. It is well reported that the targeted
drug delivery has been observed by using the microbubble
composing ultrasound contrast agents to effectively improve
drug or gene delivery efficiency [23]. Accumulating literature
has demonstrated that the mechanisms by which LIUS could
increase the permeability of cell membrane may be due to
the combination of mechanical and cavitation effects, thus
enhancing the delivery of chemotherapeutic drugs [24, 25].
This evidence also demonstrates that LIUS can function as an
assistant tool to deliver curcumin in the treatment of glioma.
In the present study, the combination treatment of curcumin
and LIUS significantly inhibited the growth of glioma cells
in a synergistic manner. And the synergistic effect induced
by curcumin and LIUS in combination, such as lower cell
viability, more cell apoptosis, and lower level of p-AKT/
AKT, was much greater than that of every single treatment.
Therefore, we speculate that the synergistic effect may be
attributable to the LIUS-mediated increase in permeability
of cell membrane, resulting in intracellular accumulation
of curcumin, thus inhibiting proliferation but promoting
apoptosis in glioma cells.

In this study, CCK-8 and EdU assays showed that the
combination of curcumin and LIUS synergistically inhibited
glioma cell proliferation. To illustrate the apoptosis induction
by LIUS-curcumin combination, flow cytometry analysis
was executed. And it was observed that LIUS combined with
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Figure 4. Effects of the AKT pathway on LIUS-curcumin combination-mediated cell anti-proliferation and apoptosis. U87 and U251 cells were treated
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curcumin elicited a significant increase in the apoptosis rate
of glioma cells. Similarly, the results of western blot analysis
showed that significant upregulation of Bax and downreg-
ulation of Bcl-2 protein were observed by the combined
treatment with LIUS and curcumin in U87 and U251 cells,
indicating that apoptosis was induced, which is consistent
with the findings of other investigators, who reported that
curcumin plus berberine led to dramatically elevated Bax
and reduced Bcl-2 expression in glioblastoma [17]. Several
studies reported that Bax and Bcl-2 played a critical role in
determining the ultimate fate of tumor cells, as indicated
that Bcl-2 restrained apoptosis by stabilizing the mitochon-
drial membrane potential, while elevated Bax expression
promoted cell apoptosis due to the release of cytochrome
¢ [26, 27]. These findings suggest that the LIUS-curcumin
combination synergistically promotes anti-proliferation and
apoptosis of glioma cells.

Several studies showed that curcumin restrained
tumor cell proliferation and induced apoptosis through
modulating the AKT/mTOR signaling [28, 29]. PI3K/AKT
is one of the most important signaling pathways, which is
required for tumor cell survival [30]. The activated AKT
pathway can make glioma cells avoid apoptosis and promote
their growth. So downregulation of the AKT pathway may
be an attractive target of chemotherapy against human
glioma. Our previous research reported the reversal of
multidrug resistance protein 1 (MRP1) expression caused
by LIUS and curcumin via the VEGF/PI3K/AKT pathway
in brain glioma [31]. Therefore, here we also investigated
the role of the AKT pathway in the process of glioma cell
apoptosis and anti-proliferation induced by the combina-
tion of LIUS and curcumin. The results of the western blot
assay showed that the ratio of phosphorylated AKT to total
AKT was significantly downregulated by the combination
of LIUS and curcumin, thereby suggesting that LIUS plus
curcumin blocked the AKT pathway in human glioma cells.
Additionally, a novel AKT activator SC79 was employed
to further determine the anti-proliferation and apoptosis
induced by the LIUS-curcumin combination via inhibi-
tion of the AKT pathway. In this study, significant suppres-
sion of the AKT pathway occurred in the combined treat-
ment with LIUS and curcumin, which could be alleviated
by SC79 treatment. Also, treatment with activator SC79
reversed the anti-proliferation and apoptosis mediated by
LIUS-curcumin combination in glioma cells. Briefly, the
occurrence of anti-proliferation and apoptosis after LIUS-
curcumin combination treatment was attributed to the
suppression of the AKT pathway, thus indicating that this
pathway had a crucial role in the LIUS-curcumin combina-
tion treatment of glioma cells. These findings suggest that
the AKT pathway could be involved in LIUS-curcumin
mediated inhibition of glioma cell growth. The progression
of cancer is an extremely complex process, associated with
variable factors and characteristics between different types
of this disease. Tumor cell survival or death should not be

determined by only one signaling pathway. And xenograft
experiments should be performed to confirm our findings in
vivo. Further investigation on the association between LIUS
plus curcumin-induced anti-proliferation and apoptosis as
well as the detailed mechanisms in glioma cells represents
the direction of our future research.

In conclusion, in this study LIUS (83.4 mW/cm?) or
curcumin (10 uM) alone did not produce significant anti-
tumor effects, but the combination of LIUS and curcumin
synergistically inhibited the growth of glioma cells via
inhibition of the AKT pathway. As a non-invasive poten-
tial therapeutic strategy, combined treatment with low-dose
curcumin and LIUS represents an innovative approach that
greatly reduces curcumin dosage to minimize side effects and
warrants further investigation toward possible clinical appli-
cation in patients with malignant glioma.
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