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Abstract: As one of the natural herbal flavonoids, myricetin has attracted much research interest, 

mainly owing to its remarkable anticancer properties and negligible side effects. It holds great 

potential to be developed as an ideal anticancer drug through improving its bioavailability. 

This study was performed to investigate the effects of Pluronic-based micelle encapsulation 

on myricetin-induced cytotoxicity and the mechanisms underlying its anticancer properties in 

human glioblastoma cells. Cell viability was assessed using a methylthiazol tetrazolium assay 

and a real-time cell analyzer. Immunoblotting and quantitative reverse transcriptase polymerase 

chain reaction techniques were used for determining the expression levels of related molecules in 

protein and mRNA. The results indicated that myricetin-induced cytotoxicity was highly potenti-

ated by the encapsulation of myricetin. Mitochondrial apoptotic pathway was demonstrated to 

be involved in myricetin-induced glioblastoma cell death. The epidermal growth factor receptor 

(EGFR)/PI3K/Akt pathway located in the plasma membrane and cytosol and the RAS-ERK 

pathway located in mitochondria served as upstream and downstream targets, respectively, in 

myricetin-induced apoptosis. MiR-21 inhibitors interrupted the expression of EGFR, p-Akt, 

and K-Ras in the same fashion as myricetin-loaded mixed micelles (MYR-MCs) and miR-21 

expression were dose-dependently inhibited by MYR-MCs, indicating the interaction of miR-21 

with MYR-MCs. This study provided evidence supportive of further development of MYR-MC 

formulation for preferentially targeting mitochondria of glioblastoma cells.

Keywords: myricetin, glioblastoma, EGFR, miR-21, mitochondrial apoptosis, mixed micelles, 

anticancer, drug delivery

Introduction
Gliomas account for the majority (almost 80%) of primary malignant brain tumors.1 

Glioblastoma multiforme (GBM) is the most common and aggressive type of glioma, 

which is also known as grade IV astrocytoma. GBM is characterized by high prolifera-

tive activity with very poor survival rates. The mainstay of GBM treatment has been 

surgical resection to the extent feasible, followed by chemotherapy and radiotherapy.2 

Although enormous advances have occurred in treating other solid cancers, the median 

survival rates for GBM stayed nearly the same over the last half century, averaging 

around 1 year (15–18 months, from diagnosis to death).3,4 Because GBM infiltrates 

surrounding tissues and is sometimes located in privileged sites, its complete resec-

tion is almost impossible. In addition, the existence of the blood–brain barrier and 

local hypoxia microenvironment make tumor cells resistant to standard radiation and 

chemotherapy.5 In order to explore truly effective therapy for this most devastating 

and difficult-to-treat cancer, it is essential to search for an agent which specifically 
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acts on tumor cells with high bioadaptability to the unique 

microenvironment. Recently, natural dietary compounds 

have been increasingly studied for their significant antitu-

moral properties and negligible side effects.6,7

Myricetin (MYR, 3,5,7-trihydroxy-2-(3,4,5-trihydroxy

phenyl)-4-chromenone) is an important and common type 

of herbal flavonoid that abundantly exists in various plant 

sources.8 A growing number of studies have demonstrated 

the antitumoral effects of MYR against different types of 

cancer by modifying varied cancer hallmarks, including 

aberrant cell proliferation, signaling pathways, apoptosis, 

angiogenesis, and tumor metastasis.9–11 MYR has proven to 

be a potent inhibitor of PI3K inhibiting Akt and activating 

apoptotic signaling pathways in several cancer cell lines, 

including glioblastoma cells.12–16 Despite its relative polarity, 

MYR is slightly soluble in water and its aqueous solubility is 

only 16.6 μg/mL.17 Therefore, MYR is hardly absorbed from 

the intestine. Its absolute bioavailability is ,10% in rats.18 

It is essential to develop an ideal form of MYR so as to fully 

explore its antitumoral properties. Our recent studies have 

suggested that the bioavailability of MYR is significantly 

enhanced by Pluronic-based micelle encapsulation, and its 

prioritized distribution in brain tumors was demonstrated with 

in vivo models.15,16 The present study aimed to investigate the 

molecular mechanisms underlying anticancer effects of MYR 

in human glioblastoma cells. Considering the similarity of 

miR-21 with MYR in respect to signal transduction pathway, 

the interactions of these two molecules were also studied.

Materials and methods
Preparation of MYR-MCs
Myricetin-loaded mixed micelles (MYR-MCs) were prepared 

as previously described.16 Pluronic-based nano-carriers were 

prepared by a thin-film hydration method. Briefly, 200 mg of 

Pluronic P123 and 100 mg of Pluronic F68 (BASF Ltd, Shang-

hai, People’s Republic of China) were co-dissolved in 5.0 mL 

acetonitrile, and MYR (National Institute for the Control of 

Pharmaceutical and Biological Products, NICPBP, Beijing, 

People’s Republic of China) was added to the copolymers in 

a round-bottom flask. The solvent was subsequently stirred at 

800 rpm for 60 min to obtain a thin film and kept in a vacuum 

at room temperature to remove the residual acetonitrile. Then, 

the thin film was diluted with de-ionized water and added into 

a Pluronic F68 solution at 800 rpm for 30 min. The resulting 

micelle solution was then filtered through a filter membrane 

to remove the non-incorporated drugs thereby generating 

Pluronic P123/F68 mixed micelles. As the nanoparticles’ 

aqueous dispersibility can be enhanced by chitosan, chitosan 

was incorporated into Pluronic P123/F68 mixed micelles 

to facilitate their cellular uptake.15 Chitosan-functionalized 

Pluronic P123/F68 nano-carriers were produced by adding 

de-ionized water and soluble chitosan into Pluronic P123/

F68 mixed micelles. Briefly, chitosan (chitooligosaccharide, 

molecular weight =450.0 kDa, 95% deacetylated degree; 

Chemical Reagent, Shanghai, People’s Republic of China) was 

dissolved in pure water at 75°C, and Pluronic P123/F68 mixed 

micelles were added to the chitosan solution. The final prepara-

tion of chitosan-functionalized Pluronic P123/F68-based MYR 

micelles (MYR-MCs) was obtained through dialysis against 

de-ionized water using a dialysis membrane (molecular weight 

cutoff 100 kDa) for a period of 24 hours. The drug loading 

percentage and encapsulation efficiency were determined as 

previously described.15 Control micelles were prepared by the 

same method without adding MYR. Before being applied in 

cell experiments, the prepared MYR-MCs were distributed in 

Dulbecco’s Modified Eagle’s Medium (DMEM) containing 

10% (v/v) fetal bovine serum (FBS) using ultrasound agita-

tion to obtain nanosuspensions. Particle size and morphology 

of MYR-MCs were measured using a transmission electron 

microscope (JEM-2100; JEOL, Tokyo, Japan). Free MYR 

was used as a comparator of MYR-MCs in the present study. 

Because of its poor solubility, MYR was dissolved in dimethyl 

sulfoxide (DMSO) before applying to the cell culture. The final 

concentration of DMSO was limited to 0.01%.

Cell culture
The human glioblastoma cell line (DBTRG) was purchased 

from American Type Culture Collection (ATCC, Manassas, 

VA, USA) and cultured in DMEM with 10% FBS, 2 mM 

l-glutamine, and 1% penicillin–streptomycin solution (all 

from Life Technologies, Carlsbad, CA, USA) and incubated 

at 37°C in a humidified, 5% CO
2
 atmosphere. The DBTRG 

cells used in this study were limited to passages 5–7 and sub-

culture was performed with 0.25% trypsin-EDTA solution.

Cell viability assay
Cell viability was evaluated using a methylthiazol tetrazo-

lium (MTT) assay as previously described.19 DBTRG-05MG 

glioblastoma cells were seeded into a 96-well microplate 

at a density of 1×105 cells/well. DBTRG cells were respec-

tively exposed to free MYR, MYR-MCs, or control micelles 

containing 0.01% DMSO and incubated for various periods 

before cytotoxicity determination. The kinetics of cell killing 

in DBTRG cells was detected at 12, 24, and 48 h after treat-

ment with 50, 100, and 200 µM of free MYR or MYR-MCs. 

The MYR-induced cytotoxicity in DBTRG cells was assessed 

with MTT (Abcam, Cambridge, MA, USA). The  optical 

density (OD) at the wavelength of 570 nm was used to calculate 
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cell viability. The value of OD
570

 is proportional to the number 

of viable cells in each well. In this study, the cell viability was 

presented by the cell death rate, which was defined as: Cell 

death (%) = (1 - Sample A570/Control A570) ×100%.

In order to follow up MYR-induced cell viability changes 

continuously, an impedance-based real-time cell analyzer 

(RTCA) system (xCELLligence; Roche, Indianapolis, IN, 

USA) was also used for label-free and real-time monitoring 

of cell viability in DBTRG cells. The RTCA system uses 

specially designed microtiter plates containing interdigitated 

gold microelectrodes to noninvasively monitor the viability 

of cultured cells using electrical impedance as the readout.20,21 

The interaction of cells with electrodes impedes the current 

and generates the impedance signal, which is displayed as 

an arbitrary unit referred to as cell index (CI). CI value is 

defined as relative change in measured impedance to back-

ground impedance and represents cell status, and is directly 

proportional to the quantity, size, and attachment forces 

of the cells. In the present study, DBTRG cells cultured in 

DMEM medium at 70%–80% confluency were trypsinized 

and counted and then were resuspended in culture medium. 

Background measurements were taken from the wells by 

adding 100 μL of the same medium to the E-Plate 16. A 

volume of 100 μL of cell suspension (1×105 cells) was then 

added to the wells to make a final volume of 200 mL. All 

cells were allowed to settle at the bottom of the wells at room 

temperature for 15 min and were then incubated at 37°C and 

5% CO
2
. The impedance signals were recorded every 5 min 

for the first 25 sweeps (2 h) and every 10 min until the end of 

the experiment (up to 96 h). After 24 h as described above, 

50 μL of medium was removed from each well and replaced 

with the same volume of medium containing an appropriate 

amount of MYR or MYR-MCs to make 100 and 200 μM final 

concentrations of these two forms of MYR. The impedance 

signals were continuously recorded using the same time 

interval until the end of the experiment (up to 96 h).

Transfection of miRNA mimics and 
inhibitors
The synthetic miR-21 mimics and miR-21 inhibitors were 

purchased from RiboBio (Guangzhou, People’s Republic of 

China). All mimics and inhibitors contain 2′-O-methyl modi-

fication at each base. Stealth™ RNAi (Life Technologies) 

was used as a negative control. Lipofectamine™ RNAiMAX 

reagent (Life Technologies) was used for the transfection of 

DBTRG cells. Briefly, DBTRG cells (0.5-1×106 cells/well 

in 6-well plates with 2 mL volume) were cultured in DMEM 

supplemented with 10% FBS for 24 h. MiR-21 mimics 

and inhibitors or negative controls (25 pmol) in 150 μL 

Opti-MEM medium (Life Technologies) were mixed with 

the same volume of Opti-MEM medium containing 9 μL of 

Lipofectamine RNAiMAX reagent and incubated at room 

temperature for 5 min to allow the formation of transfection 

complexes. The transfection complexes were added to the 

appropriate cell cultures by gently swirling the plates. The 

culture medium was replaced with fresh medium after 5–6 h 

and the cells were continuously incubated for 48 h.

Quantitative reverse transcriptase 
polymerase chain reaction (qRT-PCR) for 
miRNAs and mRNAs
Total RNA was extracted from DBTRG cells using TRIzol 

(Life Technologies). The miR-21 level was detected by qRT-

PCR using Mir-X microRNAs (miRNA) first strand synthesis 

and SYBR® qRT-PCR kits (Clontech Laboratories, Mountain 

View, CA, USA) with siRNA negative controls as an internal 

control. The expression of PI3K mRNA in DBTRG cells 

was evaluated by qRT-PCR using a PrimeScript™ 1st strand 

cDNA synthesis kit (Takara Bio, Otsu, Japan) with GAPDH 

as an internal control. The PCR primers for miR-21 were 

5′-CGGCGGTAGCTTATCAGACTGA-3′ (forward) and 

5′-CTGGTGTCGTGGAGTCGGCAATTC-3′ (reverse), and 

the primers for PI3K were 5′-CTCCACGACCATCATCAG-3′ 
(forward) and 5′-TTCTTCACGGTTGCCTAC-3′ (reverse). 

All PCR reactions were performed in triplicate using a Step 

One Plus thermocycler (Applied Biosystems, Foster City, 

CA, USA). Fold-changes were used to present the relative 

quantitation of miR-21 and PI3K expression.

Immunoblotting analysis
DBTRG cells were harvested in lysis solution after treatment 

with 100–200 µM free MYR or MYR-MCs for 24 h. The total 

protein was isolated using radio-immunoprecipitation assay 

buffer containing protease inhibitors (Sigma-Aldrich, St Louis, 

MO, USA). Protein extracts (50 μg) were separated through 

12% denaturing sodium dodecyl sulfate (SDS)-polyacrylamide 

gel electrophoresis and electrotransferred onto a nitrocellulose 

membrane. The membrane was incubated overnight with 

primary antibodies for KRAS and Raf1 (Abcam), epidermal 

growth factor receptor (EGFR), Akt, phosphorylated Akt, ERK, 

and phospho-ERK (Santa Cruz Biotechnology, Santa Cruz, 

CA, USA). Anti-β-actin antibody (Santa Cruz Biotechnology) 

was used as a loading control. The membranes were then 

incubated for 1 h with the appropriate horseradish peroxidase-

conjugated secondary antibodies (Santa Cruz Biotechnology). 

The protein signal in the membrane was detected using an 

enhanced chemiluminescence (ECL) detection system (Pierce 

Biotechnology, Rockford, IL, USA).
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To identify MYR-induced changes of intrinsic apoptotic 

pathway in DBTRG cells, the mitochondrial lysates were used 

for the related immunoblotting analysis. The mitochondrial 

lysates were obtained using a mitochondrial isolation kit as 

per the manufacturer’s instruction. Briefly, the pelleted cells 

were permeabilized for 1 min in isotonic buffer on ice and 

then centrifuged at 15,000 rpm for 10 min. The pellet (mito-

chondrial fraction) and the supernatant (cytosolic fraction) 

were collected, and the pellet was further lysed to produce the 

final mitochondrial lysate for Western blotting. For protein 

analysis, the final mitochondrial lysates were sonicated for 

30 seconds on ice and then lysed at 4°C for 60 min. The mito-

chondrial lysates were centrifuged at 12,000× g for 30 min at 

4°C. The protein concentration of the mitochondrial lysate was 

determined using a BCA protein assay kit (Thermo Fisher Sci-

entific Inc, Waltham, MA, USA). Total protein was separated 

by denaturing 12% SDS-polyacrylamide gel electrophoresis 

and the resolved bands were electro-transferred by a semi-

dry blotting electroblotter (Bio-Rad Laboratories, Shanghai, 

People’s Republic of China) onto a nitrocellulose membrane. 

The membrane was incubated with the following antibodies 

at indicated dilutions: Anti-p53, phosphorylated p53, and 

MDM2 antibodies (1:1,000; Cell Signaling, Danvers, MA, 

USA); anti-caspase-3 and caspase-9 antibodies (1:800; Cell 

Signaling); and anti-Bax and anti-Bcl-2 antibodies (1:1,000; 

Santa Cruz Biotechnology). Anti-β-actin antibody (1:1,000) 

was used as a sample loading control. Protein signals were 

detected using an ECL detection system. Western blotting 

analysis of the corresponding strips’ gray value of the relative 

protein content was imaged using a Bio-Rad image analysis 

system with Image-Pro software analysis.

Statistical analysis
Data are presented as mean ± standard error of mean of three 

different experiments. Statistical analysis was assessed by 

one-way or repeated measures analysis of variance, with 

least significant difference or Dunnett’s T3 selected for post 

hoc evaluation (SPSS, Corp, Shanghai, People’s Republic of 

China). P,0.05 was used as the cutoff for statistically signifi-

cant differences. The SPSS statistical software package (version 

13.0) was used for single- or multi-factorial analyses and the 

charts were created using GraphPad Prism V6 for Windows.

Results
Characterization of MYR-MCs
The size distribution of MYR-MCs was 20–300 nm 

(Figure 1A), which was observed using a laser particle 

analyzer, and the average diameter of the nanoparticles was 

found to be 101.46±27.32 nm. As examined with transmis-

sion electron microscopy, MYR-MCs were spherical par-

ticles with small diameters and a narrow size distribution 

(Figure 1B). The MYR-MCs exhibited 5.63% of drug loading 

percentage and 91.7% of encapsulation efficiency.

The effects of MYR on cell viability in 
human glioma cells
The cell viability was assessed by both RTCA and MTT 

assay. As shown in Figure 2, all three tested human glioma 

cell lines were very sensitive to both MYR and MYR-MCs. 

Under the same drug concentration, MYR-MCs exhibited 

more potency than MYR in terms of CI throughout the 

experimental period. However, the MYR-induced cell 

viability reduction appeared sizable at around 6 h after the 

drug treatment on DBTRG cells. This latent period was not 

observed on either U251 or U87 cells. MTT assay was used 

to examine the dose-responsive MYR-induced cytotoxic-

ity in DBTRG cells. As shown in Figure 3, both MYR and 

MYR-MCs exhibited dose-dependent cytotoxic responses 

at all tested time points, 12, 24, and 48 h, compared to con-

trols. Nevertheless, when comparing the responses of these 

Figure 1 Characterization of myricetin-loaded mixed micelles (MYR-MCs). (A) The size distribution of MYR-MCs and the average diameter of the micelles. (B) Transmission 
electron microscopic photograph of MYR-MCs.
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two forms of the drug at the same dose and same time point, 

MYR-MCs showed significantly more potent cytotoxic effect 

than MYR (P,0.05). These results further confirmed the 

beneficial effect of micelle encapsulation on MYR.

MYR-MCs induce changes of upstream 
pathway of apoptosis in cell lysates
The EGFR is a member of receptor tyrosine kinases. The binding 

of ligands (EGF and TGF-α) induces a conformational change 

Figure 2 MYR-MC-induced cell viability changes in human glioma cells. Cell viability was monitored using the real-time cell analyzer instrument in DBTRG (A), U251 (B), and 
U87 (C) glioma cells. After 24 h (indicated by arrow), culture medium was replaced with MYR-MCs or MYR (200 µM). The tracings are the average of three observations, 
representing the real-time dynamic changes of cell index. The medium containing 0.1% DMSO was used as control.
Abbreviations: DMSO, dimethyl sulfoxide; MYR-MC, myricetin-loaded mixed micelle; MYR, myricetin.

Figure 3 MTT determination of MYR-MC-induced cytotoxicity in DBTRG cells. MYR-MC-induced cell death was determined by MTT assay. Cell death was assessed at 
various time points after treatment with MYR-MCs or MYR under different concentrations. Results shown as mean ± standard error of mean (n=3). MCs and 0.01% DMSO 
were used as controls. *P,0.05, **P,0.01, compared with control. #P,0.05, compared with MYR under the same concentration.
Abbreviations: DMSO, dimethyl sulfoxide; MCs, mixed micelles; MYR-MC, myricetin-loaded mixed micelle; MYR, myricetin; MTT, methylthiazol tetrazolium.
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and subsequently leads to the activation of its intracellular 

tyrosine kinase domain. Figure 4 shows the MYR-MCs-induced 

changes of EGFR, Akt, and phosphorylated Akt expression. The 

expression of EGFR was restrained by both MYR-MCs and 

MYR in a dose-responsive manner, but DBTRG cells appeared 

more sensitive to MYR-MCs than MYR as demonstrated by the 

earlier response to the low dose of MYR-MCs (Figure 4). The 

expression levels of Akt and p-Akt (Ser 473) were significantly 

inhibited by MYR-MCs in DBTRG cells. Approximately 54% 

and 83% inhibition was observed at the concentration of 50 and 

100 µM, respectively (Figure 4).

MYR-MCs trigger changes of 
downstream pathway of apoptosis in 
mitochondrial lysate
MYR-MC-induced changes of downstream pathway of apop-

tosis were examined in mitochondrial lysates of DBTRG cells. 

As shown in Figure 5A, both MYR and MYR-MCs did not 

induce considerable changes of p53 but significantly inhibited 

the expression of phosphorylated p53 in tested concentrations 

(100 and 200 µM) while the MDM2 level remained unchanged. 

The treatment of DBTRG cells with MYR and MYR-MCs 

influenced the expression of mitochondrial Bcl-2 and Bax 

differently; down-regulated for Bcl-2 and up-regulated for 

Bax (Figure 5B). Following exposure to MYR-MCs (100 and 

200 µM), the cytochrome c protein level was decreased while 

the expression of caspase-9 was increased (Figure 5C). The 

cleaved caspase-3 level was significantly enhanced by MYR and 

MYR-MCs at tested concentrations (100 and 200 µM) although 

the total caspase-3 level remained relatively stable (Figure 5C). 

The results in Figure 6 showed the protein expression changes 

of K-Ras, Raf-1, ERK, p-ERK, and Bad with both MYR 

and MYR-MCs in DBTRG cells. A typical dose-dependent 

inhibition of K-Ras, Raf-1, and ERKs (ERK and p-ERK) was 

β

Figure 4 MYR-MC-induced changes of EGFR and Akt in cell lysates. The expression levels of EGFR, Akt, and phosphorylated Akt (Ser 473) in the cell lysates of DBTRG 
cells were assessed by immunoblotting analysis following the treatment with MYR-MCs or MYR under various concentrations for 24 h. Representative Western blotting 
images are shown in (A) and the summary of relative intensities is presented in (B and C). Data are presented as the mean ± standard error of mean of three independent 
experiments. *P,0.05, **P,0.01, ***P,0.001, compared with control cells.
Abbreviations: DMSO, dimethyl sulfoxide; EGFR, epidermal growth factor receptor; MCs, mixed micelles; MYR, myricetin; MYR-MC, myricetin-loaded mixed micelle; Ser, serine.
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observed in MYR-MC-treated cells rather than MYR-treated 

cells. However, the expression of Bad was significantly up-

regulated by MYR-MCs also in a dose-responsive manner.

The interaction of MYR-MCs and miR-21 
in DBTRG cells
As an important oncogene, miR-21 is up-regulated in a 

wide range of cancers. The down-regulation of miR-21 in 

glioblastoma cells causes repression of growth, increased 

apoptosis, and cell cycle arrest.22 In order to verify the 

interaction of MYR-MCs with miR-21 in DBTRG cells, 

the inhibitors and mimics of miR-21 were utilized to reveal 

the changes of related signals. The direct interaction of 

MYR-MCs and miR-21 was demonstrated through assessing 

the expression level of miR-21 following the treatment with 

MYR-MCs. The cell lysate results of immunoblot analysis 

β

β

β

Figure 5 MYR-MC-induced changes of apoptosis-related proteins in mitochondrial lysates. (A) Representative images of p53, phosphorylated p53, and MDM2 are shown 
in the left panel and the related summary is presented in the right panel. *P,0.05, **P,0.01 compared with control. (B) Representative images of Bcl-1 and Bax are 
shown in the left panel and the related summary is presented in the right panel. *P,0.05, **P,0.01 and ***P,0.001 compared with control. (C) Representative images 
of cytochrome c, caspase-9, caspase-3, and cleaved caspase-3 are shown in the top panel and the related summary is presented in the bottom panels. *P,0.05, **P,0.01 
compared with control. DBTRG cells were treated with MYR-MCs or MYR at indicated concentrations for 24 h and all data are presented as the mean ± standard error of 
mean of three independent experiments.
Abbreviations: DMSO, dimethyl sulfoxide; MCs, mixed micelles; MYR, myricetin; MYR-MC, myricetin-loaded mixed micelle. R
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indicated that the expression of EGFR and phosphorylated 

Akt was significantly inhibited by miR-21 inhibitors, while 

Akt remained unchanged (Figure 7A). The expression level 

of K-Ras and Raf-1 in the mitochondrial lysates was also 

inhibited by miR-21 inhibitors (Figure 7B). There was no 

significant effect of miR-mimics on all tested signals in these 

two portions of lysates. Figure 7C shows the direct interaction 

of MYR-MCs and miR-21 using qRT-PCR. The expression 

level of miR-21 was repressed by the treatment of MYR-MCs 

β

β

Figure 6 MYR-MC-induced changes of RAS-ERK pathway-related proteins in mitochondrial lysates. (A) Representative Western blotting images of K-Ras and Raf-1 are 
shown in the top panels and the related summary is presented in the bottom panels. *P,0.05, **P,0.01, ***P,0.001 compared with control. (B) Representative Western 
blotting images of ERK, phosphorylated ERK, and Bad are shown in the top panels and the related summary is presented in the bottom panels. *P,0.05, **P,0.01 compared 
with control. DBTRG cells were treated with MYR-MCs or MYR at indicated concentrations for 24 h and all data are presented as the mean ± standard error of mean of 
three independent experiments.
Abbreviations: DMSO, dimethyl sulfoxide; MCs, mixed micelles; MYR, myricetin; MYR-MC, myricetin-loaded mixed micelle. 

in a dose-dependent manner, which was different from the 

treatment of MYR. A similar pattern of MYR-MC-induced 

inhibition of PI3K mRNA was observed using qRT-PCR 

(Figure 7C).

Discussion
As an important and common type of herbal flavonoid, 

MYR acts as a therapeutic bioactive compound against sev-

eral human diseases, such as inflammation, cardiovascular 
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β

β

Figure 7 The interaction of miR-21 with MYR-MCs in DBTRG cells. (A) miR-21-induced changes of EGFR, phosphorylated Akt (Ser 473), and Akt in cell lysates. Representative 
Western blotting images are shown in the left panel and the related summary is presented in the right panel. **P,0.01, compared with control. (B) miR-21-induced changes 
of K-Ras and Raf-1EGFR in mitochondrial lysates. Representative Western blotting images are shown in the left panel and the related summary is presented in the right panel. 
**P,0.01, compared with control. DBTRG cells were harvested 48 h after transfection with miR-21 inhibitors (25 pmol) or miR-21 mimics (25 pmol). Stealth™ RNAi was 
used as a negative control. (C) qRT-PCR assessment of miR-21 and PI3K. MYR-MC-induced changes of miR-21 (left panel) and PI3K (right panel) expression were detected 
by qRT-PCR technology. DBTRG cells were harvested 24 h after treatment with MYR-MCs or MYR under indicated concentrations. The mediums containing 0.1% DMSO or 
MCs were used as controls. Data are presented as the mean ± standard error of mean of three independent experiments. *P,0.05, **P,0.01, compared with control.
Abbreviations: DMSO, dimethyl sulfoxide; EGFR, epidermal growth factor receptor; MCs, mixed micelles; MYR-MC, myricetin-loaded mixed micelle; MYR, myricetin; 
qRT-PCR, quantitative reverse transcriptase polymerase chain reaction; Ser, serine.

disorders, and cancer. The beneficial effects of MYR have 

been acknowledged by dietary guidelines published in the past 

two decades.11 A growing number of studies have evidenced 

its antitumoral properties against various types of cancer 

through influencing cell proliferation, signal transduction, 

apoptosis, angiogenesis, and tumor metastasis with negligible 

side effects. Owing to its low polarity, MYR is sparingly 

soluble in water and therefore hardly absorbed from the intes-

tine, thereby limiting its application for the treatment of brain 

tumor. In the last few years, several approaches have been 

investigated to enhance its bioavailability, including nano-

suspension and use of cyclodextrin inclusion compounds.23,24 

Most recently, we investigated the biomaterial properties of 

MYR encapsulated with F68/SDS- and Labrasol-modified 

lipid-based micelles. The improved cellular uptake of modi-

fied MYR was verified by in vitro studies and preferential dis-

tribution for the brain was demonstrated by in vivo studies.15,16 

The main focus of the present study was to demonstrate the 

effects of Pluronic-based micelle encapsulation on MYR-

induced cytotoxicity and explore the related mechanisms in 

human glioblastoma cells. MYR encapsulated with Pluronic 

P123/F68 micelles (MYR-MCs) were sized in a nanoscale 

range (101.46±27.32 nm, Figure 1) with a very high encapsu-

lation efficiency (91.7%). The results of cell viability assess-

ment by RTCA demonstrated the cytotoxic effects of MYR 

on all tested human glioma cells (Figure 2). Dose-dependent 

MYR-induced cytotoxicity was demonstrated by MTT 

assay in DBTRG cells (Figure 3). Remarkable potentiation 
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of MYR-induced cytotoxicity by encapsulation was clearly 

revealed through comparing MYR-MC- and MYR-induced 

cytotoxic effects.

EGFR pathway is one of the most dysregulated molecular 

pathways in human cancers.25 EGFR is best known for its 

classical function as a receptor tyrosine kinase localized on 

the plasma membrane and activated upon ligand binding. 

Activated EGFR stimulates a number of downstream sig-

naling molecules, leading to the activation of various major 

pathways which are essential to tumor growth, progression, 

prevention of apoptosis, drug resistance, and metastasis.26–28 

According to their functions, the main downstream pathway 

molecules of activated EGFR can be activated through 

kinase-dependent reaction, such as PI3K, K-Ras, and Raf-1, 

or through its ability to physically interact with other proteins 

(kinase-independent), such as Akt and MAPK.25 As top-line 

molecules of EGFR/PI3K/Akt/mTOR pathway, the expres-

sions of EGFR, PI3K, and Akt detected in the cell lysates 

were repressed by the treatment of MYR (Figures 4 and 7). 

MYR-MC showed more potent inhibition than MYR at all 

tested concentrations, which is believed to be attributed to the 

difference of cellular uptake for these two forms of MYR.15

The downstream molecules of EGFR pathway play an 

important role for the control of mitochondrial apoptotic 

pathway, which is regulated by caspase-9 and the balance 

between proapoptotic and antiapoptotic Bcl-2 protein family 

members.29–31 As discussed above, MYR-induced EGFR 

deprivation in DBTRG cells initiates the mitochondrial 

apoptotic pathway. The activation of this pathway leads to 

increased mitochondrial permeability, thereby promoting the 

release of proapoptotic proteins (eg, cytochrome c) from the 

intermitochondrial membrane space into the cytosol,32 ulti-

mately cleaving numerous proteins and activating DNases. 

Immunoblotting assessments of apoptosis-related molecules 

in the mitochondrial lysates (Figures 5 and 6) were in favor 

of the hypothesis that MYR caused cell death through 

mitochondria-mediated apoptotic pathway in DBTRG cells. 

In a previous study, we demonstrated that p53 acts as an 

anti-oncogene and mediates apoptosis in C6 glioma cells 

through a mitochondrial signaling pathway.33 Following 

the treatment with MYR in the present study, slightly 

increased p53 levels were detected in DBTRG cells while 

MDM2 remained relatively stable. However, phosphorylated 

p53 levels were significantly reduced in a dose-dependent 

manner. The reduction of phosphorylated p53 might be 

involved in MYR-induced cytotoxicity, as phosphorylated 

p53 inhibits the interaction of p53 with MDM2, a negative 

regulator of p53, thereby preventing degradation of p53 

protein.34 Deacetylated p53 binds to the mitochondrial outer 

membrane and out-competes Bax that binds with Bcl-2 

protein. Moreover, the enhanced level of Bax might be gener-

ated as a more potent inducer of apoptotic cell death through 

Bax cleavage.35,36 The subsequent activation of Bax could 

lead to the release of cytochrome c from the mitochondria 

and the induction of apoptosis.37 In addition, MYR-induced 

decrease of Bcl-2 and increase of caspase-9 and 3 also 

played an important part in the activation of mitochondrial 

apoptotic pathway. MYR-MCs have been found to regulate 

p53 and Bad activation, constitutively inducing apoptosis 

in cancer cells through the PI3K/Akt and RAS-ERK path-

ways. A phosphorylated Bad-mediated ERK pathway was 

also identified by Kern et al in their recent study,38 which 

plays a key role in mitochondria-mediated apoptosis. In this 

study, MYR-MC-induced apoptosis through mitochondrial 

pathway was further supported by the assessments of RAS-

ERK pathway-related proteins in the mitochondrial lysates, 

ie, dose-dependent stimulation of Bad and dose-dependent 

inhibition of K-Ras, Raf-1, and ERK.

miRNAs are small noncoding RNA molecules that regu-

late protein expression by targeting the mRNA of protein-

coding genes. MiR-21 is a key oncogene which is highly 

expressed in most cancers.39,40 It is markedly up-regulated 

in human glioblastoma tissues and several established glio-

blastoma cell lines.41 Critical targets of miR-21 are mRNAs 

of tumor suppressor proteins, checkpoint regulators of cell 

cycle control, and intrinsic and extrinsic pathways of cellular 

apoptosis.42 Knockdown of miR-21 in cultured glioblastoma 

cells triggers activation of caspases and leads to increased 

apoptotic cell death.41 MiR-21 is a negative regulator of 

p53 signaling and stimulates the expression of the cell cycle 

promoter cyclin D1.22,43 It also induces tumor angiogenesis 

through targeting PTEN, leading to activated AKT and 

ERK1/2 signaling.44 In the present study, DBTRG cells 

treated with miR-21 inhibitors showed significant reduction 

of EGFR, phosphorylated Akt (Ser 473), K-Ras, and Raf-1 

(Figure 7A and B). The similarity between miR-21 inhibitors 

and MYR-MCs in terms of related protein expression led us 

to speculate whether miR-21 could be the target of MYR-

MCs. MiR-21 expression was significantly inhibited by 

MYR-MCs in a dose-dependent fashion (Figure 7C), which 

could be direct evidence showing the interaction between 

MYR-MCs and the expression of miR-21. However, further 

study is required to identify related molecules and verify the 

mechanisms underlying anticancer effects of MYR.

Conclusion
In conclusion, the encapsulation of MYR with nanosized 

Pluronic P123/F68 mixed micelles potentiated MYR-induced 
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cytotoxicity in DBTRG cells. Mitochondrial apoptotic 

pathway was demonstrated to be involved in MYR-induced 

glioblastoma cell death. The EGFR/PI3K/Akt pathway 

located in the plasma membrane and cytosol and the RAS-

ERK pathway located in mitochondria served as upstream 

and downstream targets, respectively, in MYR-induced 

apoptosis. The close relationship between miR-21 and 

MYR-MCs was sustained by the fact that miR-21 inhibitors 

interrupted the expression of EGFR, p-Akt, and K-Ras in the 

same fashion as MYR-MCs. Furthermore, the inhibition of 

miR-21 expression was dose-responsibly correlated with the 

application of MYR-MCs. Considering its remarkable anti-

tumoral properties with negligible side effects, MYR could 

be developed as an ideal drug for varied clinical applications 

especially for the treatment of brain tumor. Targeted delivery 

of MYR-MCs will likely be achieved through innovations 

in the areas of nanotechnology and intracellular trafficking. 

Our study provided evidence for further development of 

MYR-MC formulation preferentially targeting mitochondria 

of glioblastoma cells.
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